UDK 621.3:(53+54+621+66)(05)(497.1)=00 ISSN 0352-9045

MIDEM

Strokovna revija za mikroelektroniko, elektronske sestavne dele in materiale
Journal of Microelectronics, Electronic Components and Materials

Strokovno drustvo za mikroelektroniko
elektronske sestavne dele in materiale

INFORMACIJE MIDEM, LETNIK 38, ST. 1(125), LJUBLJANA, marec 2008

B 623034 B0 00 HISHADT.1 =00 SEM 5200405 ."f"nMAnIJE M In [M
wlektrimin wrslrerd g i meteridhn huknvnn drulve za mikroplekironika,

lekironske sestavne dele in materiale
Strokovra revijas za mikrogbektroniko, sloktronske sestavne dole In motoriale
Journat of Microelechronics, Electronic Components and Maierials t:mﬁm’imﬂw za mikroelektraniku, I IBBB

ke sastavne delove | materijale

IFORMACIIE MIDEM, LETHIK 37, 5T, 40124}, LIUBLIANA, decamber 2047 LJUBLJANA, MAREC 1988, LETNIK-GODINA 18, STEVILKA-BROJ 45

MEHNmuJu.L GONEERENCE

Wik roiomes, puvc.'r:-.q. HIH.III..H. 5
] Toe AR R Bi T

LEp*TFlDNIC TESTING

-~
g

5 |I-r-'\i1lr‘- 13 h-m‘l Py a7

||:l.rFH|:nuI ------- A

b’?ﬁﬁﬁ“&?ﬁf&ﬁ MIDEM




UDK 621.3:(63+54+621+66)(05)(497.1)=00 ISSN 0352-9045

INFORMACIJE MIDEM 12008

INFORMACIJE MIDEM LETNIK 38, ST. 1(125), LJUBLJANA, MAREC 2008
INFORMACIJE MIDEM VOLUME 38, NO. 1(125), LJUBLJANA, MARCH 2008

Revija izhaja trimese€no (marec, junij, september, december). Izdaja strokovno drustvo za mikroelektroniko, elektronske sestavne dele in materiale - MIDEM.
Published quarterly (march, june, september, december) by Society for Microelectronics, Electronic Components and Materials - MIDEM.

Glavni in odgovorni urednik Dr. Iztok Sorli, univ. dipl.inz.fiz.,

Editor in Chief MIKROIKS, d.o.0., Ljubljana

Tehni¢ni urednik Dr. Iztok Sorli, univ. dipl.inz.fiz.,

Executive Editor MIKROIKS, d.o.0., Ljubljana

Uredniski odbor Dr. Barbara Mali¢, univ. dipl.inz. kem., Institut “Jozef Stefan”, Ljubljana
Editorial Board Prof. dr. Slavko Amon, univ. dipl.inz. el., Fakulteta za elektrotehniko, Ljubljana

Prof. dr. Marko Topic¢, univ. dipl.inZ. el., Fakulteta za elektrotehniko, Ljubljana

Prof. dr. Rudi Babi¢, univ. dipl.inz. el., Fakulteta za elektrotehniko, racunalnistvo in informatiko
Maribor

Dr. Marko Hrovat, univ. dipl.inz. kem., Institut “Jozef Stefan”, Ljubljana

Dr. Wolfgang Pribyl, Austria Mikro Systeme Intl. AG, Unterpremstaetten

Casopisni svet Prof. dr. Janez Trontelj, univ. dipl.inz. el., Fakulteta za elektrotehniko, Ljubljana,
International Advisory Board PREDSEDNIK - PRESIDENT
Prof. dr. Cor Claeys, IMEC, Leuven
Dr. Jean-Marie Haussonne, EIC-LUSAC, Octeville
Darko Belavi¢, univ. dipl.inz. el., Institut “Jozef Stefan”, Ljubljana
Prof. dr. Zvonko Fazarinc, univ. dipl.inz., CIS, Stanford University, Stanford
Prof. dr. Giorgio Pignatel, University of Padova
Prof. dr. Stane Pejovnik, univ. dipl.inz., Fakulteta za kemijo in kemijsko tehnologijo, Ljubljana
Dr. Giovanni Soncini, University of Trento, Trento
Prof. dr. Anton Zalar, univ. dipl.inz.met., Institut Jozef Stefan, Ljubljana
Dr. Peter Weissglas, Swedish Institute of Microelectronics, Stockholm
Prof. dr. Leszek J. Golonka, Technical University Wroclaw

Naslov urednistva Urednistvo Informacije MIDEM
Headquarters MIDEM pri MIKROIKS
Stegne 11, 1521 Ljubljana, Slovenija
tel.. +386(0)1 51 33768
faks: + 386 (0)1 51 33 771
e-posta: Iztok.Sorli@guest.arnes.si
http://www.midem-drustvo.si/

Letna naroénina je 100 EUR, cena posamezne $tevilke pa 25 EUR. Clani in sponzorji MIDEM prejemajo Informacije MIDEM brezplagno.
Annual subscription rate is EUR 100, separate issue is EUR 25. MIDEM members and Society sponsors receive Informacije MIDEM for free.

Znanstveni svet za tehnicne vede je podal pozitivno mnenje o reviji kot znanstveno-strokovni reviji za mikroelektroniko, elektronske sestavne dele in materiale. 1zdajo
revije sofinancirajo ARRS in sponzorji dru$tva.

Scientific Council for Technical Sciences of Slovene Research Agency has recognized Informacije MIDEM as scientific Journal for microelectronics, electronic
components and materials.

Publishing of the Journal is financed by Slovene Research Agency and by Society sponsors.

Znanstveno-strokovne prispevke objavljene v Informacijah MIDEM zajemamo v podatkovne baze COBISS in INSPEC.
Prispevke iz revije zajema ISI° v naslednje svoje produkte: Sci Search®, Research Alert® in Materials Science Citation Index™
Scientific and professional papers published in Informacije MIDEM are assessed into COBISS and INSPEC databases.

The Journal is indexed by ISI® for Sci Search®, Research Alert® and Material Science Citation Index™

Po mnenju Ministrstva za informiranje §t.23/300-92 Steje glasilo Informacije MIDEM med proizvode informativnega znacaja.

Graficna priprava in tisk BIRO M, Ljubljana
Printed by

Naklada 1000 izvodov
Circulation 1000 issues

Postnina placana pri posti 1102 Ljubljana
Slovenia Taxe Percue



UDK621.3:(53+54+621+66), ISSN0352-9045

Informacije MIDEM 38(2008)1, Ljubljana

ZNANSTVENO STROKOVNI PRISPEVKI

PROFESSIONAL SCIENTIFIC PAPERS

B. Svili¢i¢, V. Jovanovi¢, T. Suligoj: Vertikalni 1 B. Svili¢i¢, V. Jovanovi¢, T. Suligoj:
SONFET,; modeliranje podpragovne tokovne Vertical Silicon-on-Nothing FET: Subthreshold Slope
karakteristike Calculation Using Compact Capacitance Model
A.Campa, J.Kr&, M. Topié: 5 A.Campa, J.Kre, M. Topic:

Dvo-dimenzionalni opti¢ni model za simulacijo Two-dimensional optical model for simulating
periodi¢nih opti¢nih struktur v periodic optical structures in thin-film solar cells
tankoplastnih sonénih celicah

A.Levstek, M.Pirc: 11 A.Levstek, M.Pirc:
SMD filmski kondenzatoriji za integracijske A/D SMD Film Capacitors for Integrating A/D Converters
pretvornike
K.Gorecki, Witold J. Stepowicz: 20 K.Gorecki, Witold J. Stepowicz:
Primerjava modelov induktivnosti uporabljenih pri Comparison of Inductor Models Used in Analysis of
analizi DC-DC konverterjev the Buck and Boost Converters
Gregor Papa, Tomasz Garbolino: 26 Gregor Papa, Tomasz Garbolino:
Nov pristop k optimiranju strukture A New Approach to Optimization of Test Pattern
generatorja testnih vzorcev Generator Structure
Z.Cugej, K.Benkic: 31 Z.Cugej, K.Benkic:
Komunikacija dvojnega opticnega obro¢a med Two Optical Ring Communication Between Power
gradniki mocnostne elektronike: studija primera Electronic Building Blocks: a Case Study
S.Klampfer, B.Curk: 36 S.Klampfer, B.Curk:
Robotizacija proizvodnje - robotsko sestavljanje Robotization of manufacture yield - constructing with
robot
F.PavlovCic¢, J.Nastran: 42 F.PavlovCi¢, J.Nastran:
Nastanek elektri¢nih razelektritvenih oblokov The Arising of Electric Discharge Arcs
Z.Mezgec, A.Medved, A.Chowdhury, R.Svecko: 53 Z.Mezgec, A.Medved, A.Chowdhury, R.Svecko:
Mobilno placevanije - razvoj sodobnega terminala Mobile Payments-Design of New Terminal
M.Smolnikar, A.Hrovat, M.Mohorc¢ic, 61 M.Smolnikar, A.Hrovat, M.Mohorc¢ic,
|.Ozimek, T.Celcer, G.Kandus: I.Ozimek, T.Celcer, G.Kandus:
Daljinsko merjenje in upravljanje preko omrezja TETRA Telemetry and Telecontrol over TETRA Network
Revija Informacije MIDEM 69 The Journal »Informacije MIDEM«
je vstopila v tretje desetletje entered its third decade
POSEBNA IZDAJA - dvajset letnikov revije Informacije 71 SPECIAL EDITION - Twenty Volumes of Informacije
MIDEM na CD ROMu MIDEM on CD ROM
MIDEM prijavnica 72 MIDEM Registration Form

Slika na naslovnici:
Revija Informacije MIDEM
je vstopila v tretje desetletje

Front page:
The Journal »Informacije MIDEM«
entered its third decade

VSEBINA CONTENT



Obnovitev ¢lanstva v strokovnem drustvu MIDEM in iz tega
izhajajoce ugodnosti in obveznosti

Spostovani,

V svojem ve¢ desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo privlacno in koristno vsem ¢lanom.Z delovanjem drustva ste se srecali
tudi vi in se odlo¢ili, da se v drustvo vélanite. Zivljienske poti, zaposlitev in strok-
ovno zanimanje pa se z leti spreminjajo, najrazli¢nejsi dogodki, izzivi in odlocitve
so vas morda usmerili v povsem druga podrocja in vas interes za delovanje ali
Clanstvo v drustvu se je z leti mo¢no spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu Se vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne ¢ase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam clanstva postal dolg, ocitno pa je, da mnogi nekdaniji ¢lani ni-
majo vec interesa za sodelovanje v drustvu, se je Izvrsilni odbor drustva odlodil,
da stanje ¢lanstva uredi in vas zato prosi, da izpolnite in nam posljete
obrazec priloZzen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vasega ¢lanstva. Kot
Clan strokovnega drustva prejemate revijo »Informacije MIDEM<«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali srec¢ate stare znance in nove, povabljene predavatelje s po-
drocja, ki vas zanima. O svojih dosezkih in problemih lahko poroc¢ate v stroko-
vni reviji, ki ima ugleden IMPACT faktor.S svojimi predlogi lahko usmerjate
delovanje drustva.

Vasa obveza je plagilo ¢lanarine 25 EUR na leto. Clanarino lahko placate na
transakcijski racun drustva pri A-banki : 051008010631192. Pri nakazilu ne
pozabite navesti svojega imena!

Upamo, da vas delovanje drustva Se vedno zanima in da boste ¢lanstvo ob-
novili. Zal pa bomo morali dosedanje ¢lane, ki ¢lanstva ne boste obnovili do
konca leta 2008, brisati iz seznama c¢lanstva.

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubljana

Ljubljana, marec 2008

IzvrSilni odbor drustva
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VERTICAL SILICON-ON-NOTHING FET: SUBTHRESHOLD
SLOPE CALCULATION USING COMPACT
CAPACITANCE MODEL

B. Sviligi¢", V. Jovanovi¢?, T. Suligoj®

1Fac:ul’[y of Maritime Studies, University of Rijeka, Rijeka, Croatia
2ECTM-DIMES, Delft University of Technology, The Netherlands
SFaculty of Electrical Engineering and Computing, University of Zagreb, Croatia
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Abstract: The subthreshold slope model of the Vertical Silicon-on-Nothing FET, extracted from the compact capacitance model, has been developed.
For short-channel effects modeling the voltage-doping transformation is used. The analytical model is verified by comparison to the two-dimensional
numerical device simulator, MEDICI, over a wide range of different device structures. Good agreement is obtained for channel lengths down to 50 nm.

Vertikalni SONFET: modeliranje podpragovne
tokovne karakteristike

Kjuéne besede: SONFET, vertikalni SONFET, naklon podpragovne tokovne karakteristike, modeliranje

lzvleéek: Razvili smo model podpragovne tokovne karakteristike vertikalnega tranzistorja SONFET ( Silicon-on-nothing FET ). Analiti¢ni model smo preve-
rili s primerjavo rezultatov dobljenih z dvodimenzionalno simulacijo s programom MEDICI. Dobili smo dobro ujemanje izracunanih in izmerjenih vrednosti

za dolzine kanala navzdol do 50nm.

1 Introduction

The scaling of conventional CMOS is approaching tech-
nological limits /1/, and the need for replacement device
architecture is growing. A possible alternative is the Sili-
con-on-Nothing (SON) technology /2/, where the epitax-
ial process is used for the formation of the sacrificial SiGe
layer and top Si layer for the active device part. The sacri-
ficial SiGe region is later removed below transistor chan-
nel and replaced by an insulating material, resulting in quasi-
SOl structure in the active region. However, the SON
MOSFET (SONFET) transistors are processed on bulk Si
wafers with reverse biased source and drain junctions to
the substrate. This eliminates one of the major advantages
of standard SOI technologies, which is the reduction of
parasitic capacitances. The SON technology can also be
transferred to SOl substrate, but with considerable increase
in process complexity.

The Vertical Fully-Depleted SONFET (VFD SONFET) is de-
veloped as a further evolution of the lateral SONFET /3,
4, 5/. The channel length of the vertical SONFET is de-
fined by the molecular-beam epitaxy (MBE), allowing the
channel-length reduction into the sub-30 nm region with-
out the need for high-resolution lithography. Furthermore,
standard bulk region underneath the buried oxide is elimi-
nated (Fig. 1.). The absence of the transistor bulk is a
unique property of the VFD SONFET, not present in either
bulk or SOI CMOS.

The subthreshold slope value is one of the key issues for
deep-submicrometer devices, with the target value of 60
mV/dec at temperature of 300 K. In this paper, we give an
analytical solution for the VFD SONFET subthreshold slope
based on the compact capacitive model in subthreshold
region. The voltage-doping transformation (VDT) is used
for short-channel effects modeling and the solutions are
verified in comparison to the results of two-dimensional
device simulator.

2 Modelling

2.1 Capacitive model in subthreshold
region

The analytical solution for subthreshold slope is based on
the capacitive model in subthreshold region (Fig. 2.). The
compact capacitive component model for the VFD SON-
FET operating in accumulation, depletion and inversion
condition is presented in /6/.

Intrinsic capacities include the capacitance of the deplet-
ed silicon body Csjg, gate oxide capacitance
Cceox=kacoxLefi/tcox, and buried oxide capacitance Cpox:

Coon = 2Kn0x 1o 14 Lt ™
BOX T 2dBOX
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P substrate o . o ,
relation is given with an approximation by perpendicular
(a) planes. For the effective channel lengths that are tgox <
Lest/ 2 analytical relation is given:
D 2k t
C — BOX ln[1+ BOX j
ND pox 1 Lot T BOX (2)
IBOX \ Overlap, fringe and source/drain depletion capacitances
- are also included in Fig. 2, but do not have significant in-
g - fluence on the subthreshold slope. Equivalent capacitive
T @ Leﬁn.kp circuit of the VFD SONFET in the subthreshold region is
& i shown on the Fig. 3.
o Al NA Applying the Ohms law at each node, we calculate the re-
BOX ! lation between the front-gate surface potential st (inter-
face gate-oxide/Si-film) and the back-gate surface poten-
tial ys2 (interface Si-Film/BOX) /Fig. 1 (b)/:
N, 8
¥, ( )= V.-V s v
S ST a1 Coox +Csia )= Coox| Vo = Via + e +CsuY, (3)
GOX
b
( ) lP.;z(zcaox +Cga )=
Fig. 1. (a) VFD SONFET structure cross-section, _ sid (4)
(b) VFD SONFET structure close-up. = Csox((VD Vg ¥ Vs =Vip)+ 20, +Cq, Y,

where Qsig=-qNats; is the depletion charge,
Veg1=VrAn(NgNa/ni?) is the top-gate flat-band voltage,
Vrs2=Vrn(Ns.pNa/n?) is the back-gate flat-band voltage,
and Vp and Vs are drain and source voltages, respectively.
With source voltage being zero (Vs=0), the following rela-
tions can be used: Vp+Vs=Vp=Vp-Vs=Vps. From the equiv-
alent capacitive circuit, the analytical solution for the gate
voltage Vg is extracted:

C.  2C
Vo =Vig + \le[l + PO ]+

Coox Csia +2Cpoy )

n gN it . 1 n 1 [ CsiiCrox _
Ceox Csa  Crox (Csui +2CB0X) (5)
% _y CyiiCrox Lo CyiaCrox
- | " Coor Coia +2Cs01) ™ Coon (Coa +2C01)
S C

do5

Fig. 2. Capacitive model of the VFD SONFET in the 2.2 Two-Dimensional Effects: Voltage

subthreshold region. Doping Transformation
An elegant and compact solution for two-dimensional model
The buried oxide capacitance Cgox of the VFD SONFET is offered by the concept of Voltage-Doping Transforma-
has specific, two-dimensional properties and its analytical tion (VDT) /7/. VDT enables to account for 2D-effects into

2
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quasi 1D-analysis of the VFD SONFET. According to this
concept, the influence of the lateral field initiated by the
junctions is equivalent to a reduction in the effective chan-
nel area doping. The effective doping in channel area:

88:‘ 2I/D*S

(6)
q Lir

N, =N, -

Where
V;S =V +2(Vhi +¥,, _\Psl)i
(7)

iz'\/(Vbi +\I’x2_\PA'1XVDS +V +"P ‘P 1)

where Vps is the drain-source voltage, ypi=Vrn(NspNa/
n/) is the built-in potential. The back-gate surface poten-
tial sz is given:

gN 4t si Loy
VYo=—75" (8)

CBOX

The silicon body capacitance with short channel effects
(VDT) taken into account is therefore:

_do qNAtSzLeff
Y Y, -Y,

As the subthreshold slope is defined in the regime before the
onset of the strong inversion, the silicon body capacitance
C*s,; o Will be evaluated for the front gate surface potential:

Y, =Y, (inv)= 2¥, (10)

where yp=V7In(Na/nj) is the difference between Fermilevel
and intrinsic level.

CSz 4= (9)

2.3 Subthreshold slope model

Using the definition for the subthreshold slope as the gate
voltage variation needed for the change of one decade in
the drain current /8/ and applying the gate voltage solu-
tion (5) and the VDT approximation (6-10), the subthresh-
old slope follows as:

kT dv,

= dlog! (0) —

g P s1

_ln(10)~k_T. 1+ ZCSi,dCBoX (1)
= q C(;OX (C;d +2CBOX)

The complex influence of the VFD SONFET parameters
are combined in a simple form of (11) with second term in
the bracket being responsible for the difference from the
ideal S value of 60 mV/dec at 300 K. The scaling tenden-
cies are clear from the capacitance ratio, where Cgox
should be increased and C'sjq and Cgox decreased to
approach the ideal value.

3 Calculation and simulation results

In order to verify the accuracy of the analytical model for
the subthreshold slope, the calculated results are com-
pared to a two-dimensional numerical device simulator,
MEDICI /9/. Concentration dependent model for the low-
field carrier mobility and the velocity saturation mobility

model at high parallel electric field were used. Band-gap
narrowing in silicon and polysilicon, Shockley-Read-Hall
recombination and Auger recombination are taken into
account. The gate current was modeled by the Lucky-elec-
tron gate current model and the simulation temperature
was 300 K. The simulator does not include quantum ef-
fects. Focus of this paper is the device subthreshold char-
acteristics where the quantum effects are less pronounced
and the drift-diffusion model can be considered accurate.

The calculated and simulated subthreshold slope values
plotted against effective channel-lengths Lesr are shown in
Fig. 4. for different: (a) gate oxide thickness tgox, (b) gate
dielectric kgox, (c) BOX dielectric kgox, and (d) BOX thick-
ness tgox. The examined devices take advantage of the
fully-depleted structure and have an effectively undoped
channel for higher mobility. The range of effective chan-
nel-lengths investigated was between 288 nm - long chan-
nel case, and 22 nm - very short-channel. The simulated
structures in each plot varied only in the effective channel-
length with other dimensions and technological parame-
ters kept the same.

For the effective channel lengths down to 100 nm, sub-
threshold values are close to ideal values of approximately
60 mV/dec. Agreements between the values obtained by
the numerical simulations and analytical model are within
2 mV/dec (3%) for the channel lengths down to 50 nm.
For shorter channel lengths (<50 nm) the deviation of our
model is mainly due to the rough VDT approximation of the
effective doping in channel area N'4 and thus the calcula-
tion of the silicon body capacitance C’s;q4. As the channel
length is reduced the influence of the last term in relation
(11) becomes higher and more accurate modeling of C*s,;d
is necessarry.

The subthreshold slope can be improved by increasing the
value of the gate oxide capacitance Cgox, or by decreas-
ing the value of the buried oxide capacitance Cgox. If the
gate oxide thickness tgox is scaled down /Fig. 4. (a)/ or
the material with higher dielectric constant kgox is used
for the gate oxide /Fig. 4. (b)/ the characteristics show
expected improvements. The case of material with the lower
dielectric constant kgox used for the buried oxide /Fig. 4.
(c)/ also improves the subthreshold slope, as well as thin-
ner buried oxide thickness tgox /Fig. 4. (d)/.

4 Conclusions

The subthreshold slope model extracted from the com-
pact capacitance model of the VFD SONFET has been
demonstrated. It has been shown that the developed model
has high accuracy for channel lengths down to 50 nm and
can be extended even further with improvement of the volt-
age-doping transformation, which is used to account for
short-channel effects. With the simple processing of the
VFD SONFET, devices with very short gates can be fabri-
cated and the presented model used for the prediction of
the subthreshold behavior. The specific, two-dimensional

3
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characteristics of the VFD SONFET structure are accurately
described in the model and combined in a simple relation
for the subthreshold slope. This offers clear insight into
influences of different parts of the structure and can be
used to estimate the performance of scaled devices.

ACKNOWLEDGMENTS

The authors would like to thank Petar Biljanovi¢ for sup-
port and suggestions. This work was supported in part by
the Croatian Ministry of Science, Education and Sports
(scientific projects 036-0982904-1642 and 036 -
0361566 - 1567).

REFERENCES

/1/

/2/

/3/

/4/

/5/

/8/

/7/

/8/

/9/

B. Svili¢i¢, A. Kras, “CMOS Technology: Challenges for Future
Development”, Journal Pomorstvo, November 2006.

M. Jurczak, T. Skotnicki, M. Paoli, B. Tormen, J. Martins, J. L.
Regolini, D. Dutartre, P. Ribot, D. Lenoble, R. Pantel, S. Mon-
fray, “Silicon-on-Nothing (SON) - an Innovative Process for Ad-
vanced CMOS”, |IEEE Trans. on Electron Devices, vol. 47, p.
2179, 2000.

P. E. Thompson, G. Jernigan, J. Schulze, I. Eisele, T. Suligoj,
“Vertical SiGe-based Silicon-on-Nothing (SON) technology for
sub-30nm MOS devices”, Materials Science in Semiconductor
Processing 8, pp. 51-57, 2005.

I. Radinkovi¢, V. Jovanovi¢, T. Suligoj, J. Schulze, I. Eisele, G.
Jernigan, and P.E. Thompson, “Scaling Properties of Vertical
Silicon-on-Nothing (SON) MOSFETs”, MIPRO, 2004.

V. Jovanovi¢, T. Suligoj, J. Schulze, |. Eisele, G. Jernigan, and
P.E. Thompson, “Characteristics of 30 nm Long Vertical Silicon-
on-Nothing (SON) MOSFET”, MIPRO, 2005.

B. Svili¢i¢, V. Jovanovi¢, T. Suligoj, “Vertical Silicon-on-Nothing
FET: Capacitance-Voltage Compact Modeling”, MIPRO, 2007.
T. Skotnicki, G. Merckel, T. Pedron, “The Voltage-Doping Trans-
formation: A New Approach to the Modeling of MOSFET Short-
Channel Effects”, IEEE Trans. Electron Devices, vol. 9, no. 3,
pp. 109-112, March 1988.

B. Svili¢i¢, V. Jovanovi¢, T. Suligoj, “Vertical Silicon-on-Nothing
FET: Analytical Model of Subthreshold Slope”, MIDEM 2007,
2007.

Synopsys, Inc., Taurus Medici, Two-Dimensional Device Simu-
lation Program, Version X-2005.10-0, 2005.

B. Svilicié,
Faculty of Maritime Studies, University of Rijeka,
Studentska ulica 2, 51000 Rijeka, Croatia

Phone: +385 (0)51 338 411, Fax: +385 (0)51 336 755,

E mail: svilicic@pfri.hr

V. Jovanovic,
ECTM-DIMES, Delft University of Technology,
The Netherlands

T. Suligoj
Faculty of Electrical Engineering and Computing,

Comparison of subthreshold slope values

against effective channel lengths
obtained by MEDICI simulations and analytical
model for different: (a) tcox, (b) keox, (C) keox,

(d) teox. K=k/&o.

University of Zagreb, Croatia

Prispelo (Arrived): 09.10.2007 Sprejeto (Accepted): 28.03.2008



UDK621.3:(53+54+621+66), ISSN0352-9045

Informacije MIDEM 38(2008)1, Ljubljana

TWO-DIMENSIONAL OPTICAL MODEL FOR SIMULATING
PERIODIC OPTICAL STRUCTURES IN THIN-FILM
SOLAR CELLS

Andrej Campa, Janez Kré and Marko Topic¢

University of Ljubljana, Faculty of Electrical Engineering, Ljubljana, Slovenia

Key words: optical modelling, thin-film solar cells, periodic structures, light management

Abstract: Novel optical concepts based on periodic structures such as diffractive gratings are important for thin-film solar cells since they exhibit high
potential of light management. In order to simulate and optimize the periodic structures different approach is needed in comparison to widely used one-
dimensional approaches. In this paper a two-dimensional finite element numerical approach is described to solve the Maxwell’s differential equations of
the propagating light in thin-film structures. The different boundary conditions that can be applied at the borders of the simulation domain are presented.
The concepts how to efficiently solve the system and how to obtain the final optical parameters of the solar cells - reflectance, absorptances in the layers,
charge carriers generation rates - are described. The model is verified with the measurements of the total reflectance at realistic diffractive gratings.
Simulation results of a complete amorphous silicon solar cell with the diffractive gratings are presented.

Dvo-dimenzionalni optiéni model za simulacijo periodi¢nih
optiénih struktur v tankoplastnih soncnih celicah

Kjuéne besede: opticno modeliranje, tankoplastne soncne celice, periodi¢ne strukture, vodenje svetlobe

lzvleéek: Novi opti¢ni pristopi osnovani na periodi¢nih strukturah, kot so uklonske mrezice, so v tankoplastnih soncnih celicah pomembni, saj izkazujejo
velik potencial pri vodenju svetlobe v strukturi. Za simulacijo periodi¢nih struktur ne zadostuje samo uporaba klasi¢nih eno-dimenzionalnih pristopov pa¢
pa se moramo posluziti dvo-dimenzionalnih simulacij. V prispevku je predstavijen dvo-dimenzionalen simulator, ki temelji na reSevanju valovne Maxwellove
enacbe Sirjenja svetlobe znotraj sonéne celice na podlagi metode koncénih elementov. Opisani so razli¢ni robni pogoji, ki jih uporabimo v simulacijah za
zakljucitev racunskega obmocja. Podani so nacini, kako dolociti izhodne opti¢ne parametre simuliranih sonénih celic (odbojnost, absorpcija svetlobe v
plasteh, profili generacij prostih nosilcev naboja). Rezultati simulacij so ovrednoteni s primerjavo izmerjenih odbojnosti izdelane uklonske mrezice. Na
koncu so prikazani rezultati opticne simulacije celotne tankoplastne amorfno-silicijev son¢ne celice.

1. Introduction

In thin-film (TF) solar cells light trapping is of great impor-
tance, since absorber layers are very thin (from one hun-
dred nanometers to few micrometers). To capture light in-
side the absorber layer efficiently the scattering of light at
internal interfaces is needed. In this way light paths through-
out the layers are prolonged and the number of light pass-
es increased due to enhanced back reflectances at inter-
nal interfaces. In current state-of-the-art silicon TF solar
cells randomly textured substrates are used to introduce
interface texture in the cell structures /1-3/. However, to
further improve and use the potential of light scattering
process, new approaches of light management are becom-
ing important. One of them are periodic structures, such
as diffractive gratings, which can be applied to the inter-
faces to efficiently scatter light only into specific, but very
large angles /4/. Large angles can consequently lead to a
significant increase of the light paths and to the total inter-
nal reflectance of the scattered light rays at the front inter-
faces of the solar cell structures. The integration of diffrac-
tive gratings in thin-film solar cell structures have already
been investigated experimentally /5, 6/ and by numerical
simulations /7-10/. The results of current structures of solar
cells, including the gratings, indicate that the potential of
the diffractive gratings has not been exploited fully. Thus,

further investigations of diffractive gratings and especially
of their integration and optimization in the TF solar cell struc-
tures is of great importance. Numerical modelling and sim-
ulation present here an important tool.

To analyse optical situation at the grating, implemented in
the structure of thin-film solar cells, at least a two dimen-
sional simulator is needed. Some two- or three- dimen-
sional (2-D, 3-D) simulators for the analysis of the diffrac-
tive gratings in the solar cells have already been reported
e.g. /7-10/. However, the simulators have certain draw-
backs, since they are mostly developed for general usage
in the field of electromagnetic wave propagation and are
not adapted and optimized to the specific structures, such
as TF solar cells. One of the drawbacks is, for example,
that is difficulty to simulate not-rectangular shapes of the
grating features (triangles, sine shape etc.). The slopes of
the different shapes are usually roughly approximated by
rectangular steps, which can not give good representative
results especially if only a few steps are used for approxi-
mation. Sharp edges of even small rectangles can affect
the simulation results noticeably. Another drawback is that
the output results are not the quantities that are important
for TF solar cells (like optical reflectance, R, absorptance,
A, charge carrier generation rate, Gy).
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In this paper we present our 2-D optical simulator which
has been developed for the analysis of TF solar cell struc-
tures including diffractive gratings and other periodic struc-
tures. The model is based on the finite element numerical
method (FEM) /11/. One of the specialities of the model
is that the simulation domain is represented by triangular
elements rather than rectangular. These way different
shapes can be more easily and effectively described. The
details of the model and other advantages of the simulator,
based on the model are presented. The boundary condi-
tions that can be applied at the borders of the simulation
domain are described. The determination of the electric
and magnetic field distribution in the structure will be ex-
plained. The methods to calculate standard optical quanti-
ties used in the field of photovoltaics, such as R, A, G will
be presented. Mathematical methods and techniques how
to manipulate large data matrix and how to calculate out
the desired results are briefly described. The verification
results of the simulator and the simulations of the com-
plete amorphous silicon solar cell are presented.

2. Optical model

2.1 Electromagnetic background

The optical model is based on Maxwell's wave equations
in the frequency domain (Egs. 1).

Vx(iVxE)—mst=—jmJ
u

Vx(LVxH) -0’ H=Vx(10)  Egsi.
€ €

where E and H are the complex vectors of the electric and
magnetic field of propagating waves, u = urtlo = (Ure -
Jlm)lo and € = & €o = (€re- j€im) €o are the complex perme-
ability and the complex permittivity of the material (1o =
4nx107 H/m, & = 8.854x 1072 F/m), w is the angular
frequency and J is the complex vector of the current den-
sity. In a 2-D space problem it is assumed that the field
components (E and H) and media (i, €, do not change in
the third dimension (axis z in our case). Thus, the Egs. 1
can be written in the form of differential equations for two
dimensions as given in Egs. 2.

o, 1 d, d 129
ox W, ox

+—(——)+kle |E.=
ay (u) ay) 0 ):| z

= jk,Z,J . - TE wave
[a 19, 0

190 P
—(— )+ —(—)+kiu. |H.=
BX(sr Bx) ay(er Sy) OH’} :

I )+ 2 ) T™wave Egs 2
ox €, dy €,

where x and y are the spatial directions (x - lateral, y -
vertical), ko is the wavenumber in vacuum and is defined

as m4/g,lL, , Zo is the impedance of vacuum (Z, = /i1, / €, ).
The subscripts of the field and current components indi-

cate the directional component of the vectors. In Egs. 2 it
is considered that the electromagnetic wave is transversal
(electric and magnetic field vectors perpendicular to each
other) /11/. The wave is divided into the transverse Elec-
tric (TE) and transverse magnetic (TM) wave. In the case of
TE wave, the wave is entirely represented by electric field
component in z axis, E;, whereas in the case of TM wave,
the wave is entirely represented by the magnetic field in
the z axis, H;. Since the incident light consists both com-
ponents of polarization (TE and TM), both equations in-
cluded in Eq. 2 need to be considered.

The geometry of the periodic structure was described by
choosing the triangular elements as basic building elements
of mesh (Fig. 1a and 1b). Egs. 2 have to be solved for
each element in the mesh-grid, where we assume that the
properties of material (i and &) are constant within the
element. The alignment of the triangular elements in the
grid is shown in Fig. 1c. All the elements are of the same
size.

1 2 2 =
PR e AR
3

a) b) C)

Fig. 1: Basic elements used in our optical model: a)
triangular element for linear approximation of
unknown function (field), b) triangular elements
for quadratic approximation of unknown
function and c) discretization of simulation
domain with triangular elements (with either
linear or quadratic approximation).

For each triangular element the unknown function ¢ (rep-
resenting E; or H) at the position of the element has to be
determined along the three borders of the element. In our
simulator we have implemented two options: a) linear ap-
proximation (Fig. 1a, Eq. 3) and b) quadratic approxima-
tion (Fig. 1b, Eqg. 4) of the unknown function along the
borders of the element.

0°(x,y)=a’ +b°x+c‘y Eq. 3
0 (v, y)=a+bx+cy+d x> +e‘xy+ > Ea.4

In Eg. 3 and 4, x and y are the 2-D spatial directions (see
Fig. 1), where the superscript e indicates that the approx-
imation is related to one-element level. The symbols a-f
are the constants that have to be determined in the calcu-
lation process. In the case of linear approximation the func-
tion @ is determined for the three nodes presenting the
corners of the triangle (Fig. 1a). In the case of the quadrat-
ic approximation at each border line of the element an ad-
ditional node is added, resulting in six calculation nodes
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Fig. 2: Different boundary conditions for different configurations of simulation domain: a) periodic symmetric
configuration, b) general periodic configuration and c) open region configuration - bounded system.

(Fig. 1b). The use of quadratic approximation has found to
be useful when the abrupt changes in the field or spikes in
the field are expected.

2.2 Boundary conditions

Determination of the size of the simulation domain and
application of the mesh-grid to our periodic structure are
crucial steps, which are both related to the boundary con-
ditions applied to the borders of simulation domain.

Typically the structures are periodically repeated (infinite-
ly) in lateral direction in our case. Two different types of
boundary conditions applicable to the problem will be ex-
plained here. One type is related to the periodicity and
lateral symmetry (left and right border according to exam-
ples in Fig. 2), whereas the other one is related to the inci-
dent (radiated) and outgoing field (top and bottom border
of the simulation domain).

In the case of first type of boundary conditions (left, right
border), application of three different boundary conditions
is illustrated in Fig. 2a, 2b. In Fig. 2a the example of the
application of the homogeneous Neumann condition /11/
is shown. In this case the first derivative of the field at the
left and right border is zero (the divergence of field is zero).
According to the figure this condition enables that only half
of the period (P/2) is included in the simulation domain.
Next, taking the whole period of the structure in the simu-
lation domain (Fig. 2b) the field at the left and the right
borders should be set to the equal values (virtually con-
nected boundary system). The reason is the periodicity of
the structure acquired in the simulation domain. Therefore,
this condition is assigned to the periodic boundary condi-
tion /11/. The third condition which can be applied to the
left and right border is absorbing boundary condition (ABC,
Fig. 1c) /11/. This case is assigned to an open-region con-
figuration in the lateral direction (structure with limited lat-
eral dimensions, the whole structure is included in the sim-
ulation domain). An ideal boundary condition here would
be zero reflectivity of waves at the borders. To approach
this ideal case different orders of the ABC conditions can
be used /11/.

For the second type of the boundary conditions (top, bot-
tom border of the simulation domain) the above mentioned
ABC condition is applied at the top and bottom border in
all the cases.

In Fig. 2a and Fig. 2b for the illumination source the per-
pendicular plane wave is used, in Fig. 2c, a laterally limit-
ed illumination is applied (e.g. Gaussian beam). This ena-
bles us to simulate also the laterally limited non-periodic
structures with limited area of light illumination.

In Figs. 2 the structures consists of only one layer (the
diffractive grating below) and the incident medium above.
However, in the model more layers (e.g. complete solar
cell structures) can be applied with different type of the
interface morphology. The vertical and lateral geometry are
described with optical properties (€ and u) for each node
in the mesh-grid.

2.3 Solving the system

To solve the differential equations (Egs. 2) for each node
of the element the Ritz method is applied /11/. Boundary
conditions, linear or quadratic approximation of @, illumi-
nation source (plane wave or Gaussian beam) are consid-
ered. In the Ritz method the differential equations are trans-
formed in the mathematical functional. Finding solutions
for @ at each node is based on minimising the functional /
11/. As afinal result of the Ritz method the following matrix
description is obtained (Eq. 5)

K®=b

where K is the matrix of the system coefficients (the size of
N x N; N - number of all nodes in the simulation domain),
dis the vector (the size of N) of the system unknowns (E or
H) and b is the vector (the size of N) of the light sources
(different than zero only at the nodes at the top border,
where the incident field is applied). The matrix K is sparse,
symmetric, with complex numbers and it is not positive-
definite. Its elements consist information of the material
properties (¢ and ) at the nodes.

Eq. 5

It has to be noted that N in our case can even be more
than a million, depending on the problem. Due to the large
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size of the matrix K (N x N) the memory consumption in the
computer program can become a problem, especially if
the direct methods for solving (e.g. Gauss elimination, LU
decomposition /12/) are used, due to generation of new
non-zero elements. To solve such a system, iterative meth-
ods are recommended /12, 13/. We found out that in our
case the solution can be efficiently obtained by using non-
stationary gradient iterative methods: the special form of
Conjugate Gradient (CG) method /11/, Bi-Conjugate Gra-
dient (Bi-CG) and Quasi-minimal residual (QMR) method /
12/. The CG method was found to be slow, but relatively
stable, however the Bi-CG and QMR were found to be fast
but less stable. In order to improve the condition of matrix
and also to stabilize the method different preconditions
were implemented into CG, QMR and Bi-CG algorithms.
The easiest precondition used was the Jacobian precon-
dition /13/, leading to a good convergence. However, in
some special cases with the Bi-CG method we could still
obtain divergence of the method, especially when the sharp
metal structures were simulated, where the high spikes in
the field might occur. In order to stabilize the method we
have implemented the Symmetric Successive Over-Relax-
ation (SSOR) precondition /13/. The simulations with the
SSOR precondition needed less iterations to obtain the
result compared to Jacobian precondition.

The very large sparse system needed to be efficiently
solved in the fastest time as possible and also with using
very low memory consumption. Special attention has to
be paid on the description of sparse matrixes in order to
fasten the computation time when calculating the product
of the sparse matrices with vectors in the calculation pro-
cedure, since these products have been found as the most
time consuming. Another simplification considering the
solving of system is to use mesh-grid consisted of the ele-
ments of the same size and of same orientation in the grid
(pre-defined regular grid, Fig 1c). This way we do not need
additional large matrix to describe the mesh.

2.4 Determination of the output
parameters of the simulation

After the field E; or H; has been obtained at each node,
the calculation of the final output parameters is performed.
In our optical analysis, optoelectronic structures like thin-
film solar cells are investigated. The following parameters
are defined as the main output parameters: the total re-
flectance from the structure, Rict, the absorptance inside
individual layers of the structure, Ajayer, and the 2-D gener-
ation rate across the structure, G, of the photo generated
electrons and holes in the active layers.

The Ryt of the structure is calculated at the top border,
where also the incident wave is generated. The basis for
the Riot calculation presents the Poynting vector S = (E x
H*)/2 (**” presents the conjugated value). By considering
only its normal direction (y axis) the Rt can be determined
as Riot = Sy refl / Sy _inc, where the subscripts “refl” and “inc”
correspond to the reflected and the incident component

of the Poynting vector. These two components can be
obtained from the calculated total and known incident field
values at the top border (E refl = Etot = Einc , H reft = Hiot —
Hinc). This results in the final equation for Rit (Eq. 6):

E. , OE,

Im( rgl areﬂ )
R, (TE)= M
Re(i Eim‘ E;()

u

Im(H" o oH uﬂ )
dy

Re(ki H, H,.) Ea. 6
€

R, (TM) =

Absorption inside the single element in the layer 4° and
inside entire layer 4, can be calculated as (Eqg. 7), which is
derived from Poynting’s theorem.

Af — (‘Uuzoul HH* + jwz(]s

LEET A =34 Eq.7
where y; and & are imaginary parts of permeability and
permittivity corresponding to the element. To obtain ab-

sorption of a layer one has to sum up all the absorptions of
the elements which are composing specific layer.

Generation rate profile is calculated from the local absorp-
tion (absorption of the elements) and is given by Eq. 8 for
one element e.
. A AL
Gz (}\.) — 1 Tine Zx
he dxdy Eq. 8
2
where h is Planck constant, ¢ is speed of light and finc is
illumination power density.

3. \Verification results and simulations
of the solar cells

Based on the presented optical model a computer simula-
tor FEMOS-2D was developed. A user friendly interface
enables simple simulation of the multilayer structures, in-
cluding diffractive gratings, in the entire solar spectrum.
The results of simulations were verified by comparing them
to the measurements obtained on realistic samples. In Fig.
3 the structure of one of the samples as well as the Atomic
Force Microscopy (AFM) scan of its surface is shown. On
the polycarbonate substrate, which is typically used for
CDs, DVDs or BDs, the periodic grating structure was
embossed with the periodicity of P = 700 nm. On the top
of the polycarbonate substrate 100 nm thick layer of an
aluminium alloy was deposited. By means of AFM the shape
of the grating surface was determined. In our case the sine
shape was used in simulator to describe the grating shape
with the height of h = 40 nm as determined from the AFM
measurements. The sine shape agrees with the measured
AFM profile very well, however, realistic shape of the pro-
file can be imported in our simulator. The other input pa-
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rameters for simulation were realistic wavelength depend-
ent refractive indices of the layers and polarization of light.
In simulations we used un-polarized light, 50 % of TE and
50 % of TM polarization, approaching to the realistic illumi-
nation in our measurement. In Fig. 4 the measurements
and simulation of the Rt of the grating as a function of
light wavelength is shown. All measurements of Rict were
done with Lambda950 spectrophotometer from which
unpolarized monochromatic light in the range from 400 to
1000 nm was obtained.

100 nm of
Aluminium

Polycarbonate

Fig. 3: Analysed grating structure with thin film
aluminium layer (100 nm) on the top of the
polycarbonate substrate. On the right the AFM
measurement of the left structure is presented.

Good agreement is observed between the measured
(dashed curve) and simulated (full curve) Ryt of the grating
structure. For comparison also the simulation of the flat
structure is shown (dash-dot curve). In this relatively sim-
ple structure the effect of the grating is related to the de-
creasing spike at the wavelength of 700 nm. This spike is
due to additional absorption in aluminium alloy at the grat-
ing structure in the mentioned wavelength region. In this
wavelength region the anti-reflective effect and light scat-
tering in the first diffraction order /4/ occur. In the simula-
tion and measurement (not shown in the figure) of the flat
structure no spike is observed.

In the next step we simulated the whole thin-film amorphous
silicon solar cell deposited on the 2-D grating (substrate
configuration). The structure of the cell is as follows: Al/n-
a-Si:H(20 nm) / i-a-Si:H(200 nm) / p-a-Si:H(10 nm) /
ZnO:Al(500 nm) on the top (see insert in Fig. 5). At all
interfaces the sine shape of gratings was used, with the
height of 150 nm and with two different periods (300 and
400nm). The wavelength dependent refractive indices, N(\)

1.0 T T T T T

B
x
o7l |— Measurement - grating structure
. —-—-Simulation 2D - grating structure
— = Simulation 1D - flat structure
0.6

"400 500 600 700 800 900 1000

wavelength, A [nm]

Fig. 4: Measured and simulated total reflectance of the
aluminium grating structure with P=700 nm and
h = 40 nm showing in Fig. 3.

of the realistic layers were used to determine the g\) of
the materials needed in the simulation.

In Fig. 5 the simulated absorptance in the i-a-Si:H layer of
the solar cell is plotted for selected grating parameters.
The grating should act as an efficient scatterer in the cell,
leading to enhanced absorptance in the i-a-Si:H layer. High-
er absorptance in the mentioned active layer leads to a
higher short-circuit current and quantum efficiency of the
solar cell. The 2-D simulations reveal the increase in ab-
sorptance is partly due to antireflective effect of the tex-
tured front interfaces and partly due to scattering effect of
gratings at the interfaces. The simulations showed that by
changing the period of the grating (in Fig. 5 shown for the
case of P = 300 nm and 400 nm) in this case it is affecting
the position of the interferences in the absorptance curve.

The presented simulator enables the direct study of the
relation between the (periodic) surface morphology and
light scattering. This is a very important point in the simula-
tions of photovoltaic devices with textured interfaces (most
of them), where the optical situation inside the structure
cannot be measured, thus, simulations are needed to op-
timize the structures. This way the direction towards the
optimal texturing can be indicated. Extending the simula-
tor to the randomly textured interfaces it can be used to
evaluate and select different TCO substrates from the light
scattering point of view. However, analysis of the regularly
textured interfaces (such as gratings) can already give use-
ful information about improvements of randomly textured
interfaces. Further on, special optical effects in the solar
cell structure can be investigated with the simulator, such
as plasmon absorption at textured metal back contacts.
Minimizing the optical losses in metal, related to this ab-
sorption, by possibly optimizing the texture shapes is one
of the important issues, other advantage of our simulator
is also that it is highly customized for a solar cell applica-
tion, but can be also used for other EM problem.
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Fig. 5: Simulated absorptance of the i-a-Si:H layer in

the complete amorphous silicon solar cell
structure with the sine grating applied to all
interfaces.

4. Conclusions

Two-dimensional optical model for solving electromagnet-
ic wave equations at periodical structures - diffractive grat-
ings - was presented. The model is based on robust FEM
method and solves differential equation for both (TE and
TM) polarizations. Special attention was paid on boundary
conditions and how to effectively solve the system discre-
tized differential equations. This way we were able to ob-
tain accurate results of simulation in the shortest time.

One of the main advantages of the optical model is simula-
tion of arbitrary (periodic) interfaces shapes, where a good
approximation of the interface texture can be achieved by
using triangular elements instead of rectangular. The sim-
ulator based on the developed model is especially dedi-
cated to simulation of optoelectronic structures such as
thin-film solar cells. It automatically calculates the main
optical output parameters from the field, such as absorp-
tion in individual layer of the structure, total reflectance and
2-D generation rate profile at each discrete element. The
simulator is optimised for speed of the calculation and for
low memory consumption to allow large number of discre-
tization points.

Simulation results of Al based grating structure with the
period of 700 nm is compared with the measured total
reflectance of the sample. Good agreement is observed,
indicating the validity of the simulations. The result of opti-
cal simulation of a complete amorphous silicon solar cell
with different periods of the incorporated grating is pre-
sented. The developed optical simulator presents a pow-
erful tool for further investigation of light management in

10

thin-film solar cell with the diffractive gratings and other
textures.
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SMD FILM CAPACITORS FOR INTEGRATING A/D
CONVERTERS

Andrej Levstek, Matija Pirc
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Abstract: Lead free technology has significantly influenced the choice of commercially available capacitors, especially those intended for surface mount.
A case study of the appropriate SMD capacitor selection for a high accuracy integrating A/D converter is presented. The converter is part of a smart
sensor that encompasses a simple microcontroller and an analog transducer, which is in this case a platinum resistor. An overview of traditional and new
polymer dielectric materials is given with the emphasis on the commercial selection of SMD capacitors. Trends of the film capacitor industry in the recent
years are explained through the physical properties of the materials used and the imposed legislative restrictions. The often overlooked pitfalls of capacitor
selection are sequentially described. The effect of the dielectric absorption of the charge on the conversion error is theoretically analyzed for the intermit-
tent mode of operation. Inaccuracy due to the recovery of the absorbed charge is eliminated by the use of a polyphenylene sulfide (PPS) film capacitor;
however, at high humidity some capacitive sensors exhibit abnormal deviations.

Based on some additional experiments, we determine the influence of the capacitor's parallel resistance on the conversion result. The synergic impact of
high humidity, temperature, and flux residues on the surface resistance of stacked capacitors is proven by experimental measurements carried out in a
climatic chamber. The experimental measurements of SMD capacitor insulation resistance show that naked stacked capacitor construction is not suitable
for relative humidity above 80%. In such cases, slightly larger encapsulated SMD capacitors must be used to maintain the desired high accuracy.

SMD filmski kondenzatorji za integracijske A/D pretvornike

Kjuéne besede: integracijski A/D pretvornik, folijski SMD kondenzator, dielektri¢na absorpcija, povrsinska upornost, polimerni dielektrik

Izvleéek: Prepoved uporabe svinca v tehnologiji izdelave tiskanih vezij je pomembno vplivala na trzno ponudbo kondenzatorjev, namenjenih za povrsinsko
montazo. V prispevku je podan potek izbire ustreznega kondenzatorja za integracijski A/D pretvornik z visoko locljivostjo. Sam D/A pretvornik je del
inteligentnega senzorja, ki ga sestavlja mikrokrmilnik in ustrezen analogni merilni pretvornik, v opisanem primeru je to platinski upor. V delu je najprej
podan pregled polimernih dielektrikov s poudarkom na njihovi rabi za SMD komponente. Trendi zadnjih let v industriji kondenzatorjev za elektroniko, so
opisani s stalis¢a fizikalnih lastnosti dielektricnih filmov in prepovedi rabe svinca v elektronskih napravah. Spregledane pomanikljivosti izbranega tipa, so
podane zaporedno, kot so se pojavljale pri razvoju. Izpeljali smo analiticno zvezo med dielektricno absorpcijo kondenzatorja in pogreskom posamicne
pretvorbe. Merilno napako zaradi spro$¢anja absorbiranega naboja v ¢asu pretvorbe, smo odpravili z uporabo polifenil sulfidnega (PPS) kondenzatorja.

Z eksperimenti v klimatski komori smo ugotovili, da imajo nekatera vezja nenormalno velika odstopanja, ki nastanejo zaradi vpliva vlage na gole PPS
kondenzatorje. Izpeljali smo analiti¢no zvezo med velikostjo skupne upornosti med sponkama kondenzatorja in merilno napako. Ugotovili smo sinergicni
vpliv vlage, temperature in ostankov fluksa na povrsinsko upornost nezascitenih kondenzatorjev, ki so izdelani z zlaganjem metaliziranega filma. Meritve
izolacijske upornosti so pokazale, da tak$ni kondenzatoriji niso primerni za vlaznosti zraka nad 80 %. Za precizni integrator so primernejsi dimenzijsko
nekoliko vecji SMD kondenzatoriji v plasticnem ohisju.

ic conditions are performed. The physical dimensions of
electronic circuits are steadily decreasing, which is a con-

1. Introduction

Electronic integrators offer a simple solution for achieving
an accurate A/D conversion of low voltage levels whenev-
er the speed of conversion doesn'’t play a significant role.
Dual slope integrating A/D converters can be implement-
ed by low cost digital microcontroller and a simple addi-
tional analog circuit. Such A/D converters can be used for
accurate conversion voltages that are proportional to slowly
varying physical quantities like temperature or atmospher-
ic humidity.

Conversion errors due to the non-idealities of the analog
components, i.e., the input offset voltage of the opera-
tional amplifier (opamp), are minimized by a simple solu-
tion, so that low-cost analog components can be used.
The choice of utilized capacitor seems unimportant since
the value of capacitance does not appear in the conver-
sion equations at all/1/. Such an approach is over-simpli-
fied but this fact does not become obvious until experi-
mental measurements of prototypes under various climat-

sequence of the growing demand for hand-held devices.
The introduction of surface-mount technology (SMT), which
became widely used around the year 1990, engendered
important changes in the field of high performance metal-
lized film capacitors. The small size of SMD capacitors has
raised many problems in their construction, because of
the intense heat transfer from the metallized soldering pads
to the plastic dielectric film during the reflow soldering proc-
€ess.

The first widely used SMD capacitors were multilayer ce-
ramic chips (MLCC). This construction and the high rela-
tive dielectric constant of the ceramics result in such ca-
pacitors having a high capacitance packing density and
relatively low equivalent serial resistance (ESR). The inor-
ganic nature of the dielectric used in MLCCs minimizes
the impact of the thermal stress during soldering. Polymer
film capacitors are much more affected by the raised tem-
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perature levels because of the thermoplastic nature of the
dielectric film. The choice of SMD polymer film capacitors
on the electronic components market is predominated by
trough-hole film types and by ceramic SMD chips. As a
consequence, film capacitors are rather expensive, there-
fore cheaper alternatives are used wherever it is possible.

In the next chapter an overview of the important polymer
dielectric materials is given, followed by a case study of
the capacitor selection for an integrating A/D converter.
Finally, the results of practical experiments are presented.
The comments on the outcomes and some practical hints
for the selection of appropriate SMD polymer film capaci-
tors conclude the paper.

2. Materials for film capacitors

The traditionally used plastic materials for dielectric films
in capacitors are polystyrene (PS), polyester (PE), poly-
carbonate (PC) and polypropylene (PP). These materials
are used for film capacitors with low loss and stable ca-
pacitance in the range from 1 nF up to 10 mF. Film capac-
itors below 1 nF are offered only by a small number of pro-
ducers; and especially SMD types are very rare. The range
of capacitances below 100 pF is almost exclusively cov-
ered by COG ceramic capacitors, which are featured with
a low capacitance temperature coefficient ac and the dis-
sipation factor tand .

2.1 Polystyrene capacitors

Foryears, polystyrene (PS) capacitors were the best choice
for critical analog applications. In the middle of the 1990s
the production of PS capacitors slowly ceased. There were
several reasons that caused polystyrene capacitors to dis-
appear from production. The maximal operating tempera-
ture of PS film and capacitors is very low, only 85°C (see
Table 2). Additionally, the low heat resistance of PS film
allows neither the construction of SMD components nor
the vacuum-deposition of aluminum, hence only film/foil
capacitors were (are) produced. This construction lacks
the self-healing capability, i.e., the ability to clear faults
(such as pores or impurities in the film) under the influence
of voltage. Although PS capacitors have low absorption of
moisture, they can be easily damaged by printed board
cleaning solvents. PS capacitors that are still available from
old stocks are not intended for new designs. New materi-
als like polyphenylene sulfide (PPS) should be used instead
of PS.

2.2 Polycarbonate capacitors

Polycarbonate (PC) metallized film and film/foil capacitors
were traditionally the logical choice in high performance
applications for operation at elevated temperatures. This
material is featured with a negligible temperature coeffi-
cient ac for temperatures in the range of 20°C + 40°C,
which is the common operating temperature range of pre-
cision electronic equipment. In spite of the higher operat-
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ing temperatures of this film, commercially available PC
capacitors for surface mount were never produced. In the
year 2000, the major producer of PC capacitors WIMA
from Germany /2/, ceased their production after finding it
unprofitable. This decision caused the major producer of
capacitor grade PC film, Bayer AG, to stop its production
upon completion of the final order. Nevertheless, PC film
capacitors are still available and produced at least by Elec-
tronic Concepts Inc. from USA with its own in-house pro-
duced dielectric film /3/. Polycarbonate film is almost the
perfect material for high performance capacitors but is very
sensitive to moisture absorption, thus good encapsulation
is required to protect the dielectric film against humidity.
Hermetically sealed PC capacitors are available only with
wired trough-hole terminals and are primarily intended for
military applications.

2.3 Polyester capacitors

Polyester films have become the standard dielectric for
capacitors in electronic applications. Polyester film for ca-
pacitors is biaxially oriented polyethylene terephthalate
(PET) developed by DuPont in the mid-1950s and is well-
known under the trade name Mylar. This material has good
mechanical and electrical properties for temperatures in
the range from -55°C to +125°C. Their high dielectric
strength, and the highest dielectric constant among com-
mercially used dielectric films, make PET capacitors low-
cost and volume-effective. Metallized PET film capacitors
are produced in any combination of the construction alter-
natives given in Table 1.

Table 1: Manufacturing and construction alternatives of

PET capacitors
Parameter Alternative
Environmental protection | Naked Protected
Mounting terminals SMD | Trough hole
Construction Stacked Wound
RoHS compliance Yes No

These capacitors are the most frequently used type of plas-
tic film capacitors in electronic circuits - primarily for DC
or low frequency purposes - because the dissipation fac-
tor tand of polyester is the highest among contemporary
film materials. Even though it is not a high quality material,
in many respects, PET films perform much better than multi-
layer ceramic capacitors (MLCC) using X7R or Z5U die-
lectric ceramics. Some producers, e.g., AVX /4/, offer
PET-HT capacitors with an improved temperature range of
up to +125°C with a nominal voltage derating factor of
1.25 %/°C above Tg = 105°C, which represents an in-
crease of 20°C with respect to the standard types.
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2.4 Polypropylene capacitors

Polypropylene (PP) film has, for many years, been used for
high performance applications, especially for medium and
high power electronic circuits where high impulse current
capability is required. This material has very low dielectric
absorption DA making a PP capacitor the best choice for
the charge-storing device in precision integrators, sample
and hold amplifiers and other electronic circuits that retain
analog signals in the form of electric charge. Additionally,
PP capacitors are characterized by a constant tempera-
ture coefficient o =-200 ppm/°C and the second high-
est volume resistivity among dielectric film materials (Table
2). The main deficiency of PP is its somewhat limited tem-
perature range, which prevents the construction of PP as
an SMD component. Standard PP capacitors use metal-
lized film and film/metal foil construction for self-healing
and high impulse current capability, respectively.

2.5 Polyphenylene sulfide capacitors

Polyphenylene sulfide (PPS), a dielectric material with ex-
cellent electrical and thermal properties, was invented by
Toray/Japan. This chemical company started the produc-
tion of capacitor grade PPS film in 1988 under the trade
name of Torelina®, and is still the only producer. In the
same year PPS capacitors were made commercially avail-
able by WIMA/Germany, but their production was plagued
with many difficulties. In 2001 WIMA /2/ temporarily
ceased their production due to problems connected with
inconsistent film quality and availability. A detailed exami-
nation of self-healing of different metallized polymer films
by Walgenwitz et. al. /5/ has shown only insignificant dis-
tinctions among PET, PEN and PPS. In any case, achiev-
ing self-healing in PPS film is not a particular problem. The
problematic availability of PC capacitors, the European
Council Directive on the Restriction of Hazardous Sub-
stances (RoHS Directive, 2002/95/EC) /6/, and good

Table 2: Properties of capacitor dielectric materials

mechanical properties of biaxially oriented PPS film at high-
ertemperatures have prompted numerous activities for the
reliable production of PPS capacitors. The construction of
SMD film capacitors has become very demanding due to
the elevated melting point of leadless soldering com-
pounds. After the break in 2000 WIMA restored the pro-
duction of PPS capacitors, encouraged by a mixture of
technological and commercial factors. After 2001 both
trough hole and SMD types of PPS metallized capacitors
were made generally available by several manufacturers.

PPS has excellent electrical properties that exceed PC in
many aspects. Almost no sensitivity to humidity and a far
higher operating temperature range are the most impor-
tant attributes of PPS when compared to PC. Despite the
advantages of PPS film (expressed by the figures in Ta-
ble 2), this material has two shortcomings. Firstly, it is ex-
pensive and secondly, it is produced only by Toray/Japan,
which may cause hitches in its supply.

2.6 Polyethylene naphtalate capacitors

Polyethylene naphtalate (PEN) was not used for film ca-
pacitors until 2000. The RoHS directive adopted by the
EC in 2003 caused producers of electronic components
to utilize substitutes for the existing materials as these could
not stand the thermal stress generated by elevated solder-
ing temperatures without significant degradation. The elec-
trical properties of PEN film are very similar to those of
PET, but the overall performance of PEN is inferior - pro-
vided that the maximum operating temperature is not tak-
en into account /7/. PEN capacitors are larger than the
corresponding PET types because the dielectric constant
& and the dielectric strength Eg of PEN are lower. The ra-
tio of PEN capacitor size to the corresponding PET capac-
itor is between 1.5 and 2. PEN film SMD capacitors are in
compliance with the RoHS directive, and are suitable for
IR or vapor phase reflow processes. PEN capacitors are

Parameter Unit Dielectric
PS | PC | PET | PEN | PP | PPS |PTFE | COG X7R
Dielectric constante, 2229|133 |30 |22]|30| 2.0 (12...40|700...2000
Dielectric strength V/um | 100 | 200 | 400 | 300 | 600 | 250 | 150 200
C temperature coefficientoc Ppm/°C|-120| +80 | +600 | +200 |-300 | -150 | -80 +30 +1000
Dissipation factor tand (1 kHz) 10" 5 15 | 80 80 5 20 1 15 350
Volume resistivity p Qcm | 10" [10"| 10" [ 10" |10 | 10" | 10" | 10" 10"
Dielectric absorption DA % 0.011 01| 05 | 1.2 |10.02]0.05| 0.01 0.6 2.5
Operating temperature Tomin/ Tinax °C T95 | 951 95 | 95 |55 1 95 | 95 2 2
1251100 | 105 | 125 | 100 | 140 | 200 125 125
Self-healing no | yes| yes | yes | yes | yes | no no no
SMD configuration no | no | yes | yes | no | yes no yes yes
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also featured with improved temperature stability with re-
spect to PET. The capacitance temperature coefficient aic
of PEN is approximately only one third of the a¢ of PET.
The dielectric absorption DA of PEN is the biggest among
the polymer film dielectrics. Its value of approximately 1 %
is the order of magnitude of DA specified for MLCCs using
X7R ceramics.

2.7 Other dielectric materials

Three types of dielectric materials, that have not been
mentioned previously, are also listed in Table 2. Poly-
tetrafluoroethylene (PTFE) better known under DuPont
Company's trade name Teflon®, is an excellent insulating
material, but PTFE film capacitors are very rare. Proper
metallization of PTFE film is very difficult, this material is
very expensive and films of a thickness < 6 um are not
commercially available /7/. PTFE capacitors are used in
high power applications where their high operating tem-
perature range and low dissipation factor justify their high
price.

The data on ceramic dielectric materials in Table 2 are giv-
en for comparison, since MLCC chips are very popular
and cheap. In fact only COG ceramics, also known as NPO,
are a real match for polymer films as far as stable high per-
formance capacitors go. In addition to the materials dis-
cussed, X7R ceramics offer a cost and room efficient so-
lution when large capacitances in small packages with low
equivalent serial resistance (ESR) are required.

3. Capacitor for integrating A/D
converter

3.1 Four slope integration

Dual slope integration is a well-known method for accu-
rate A/D conversion /1/. Accuracy and resolution are two
distinctive features of such A/D converters. The resolu-
tion of integrating converters is determined by the ratio
between the period of the clock that is used for counting
and the time of integration, which is measured in clock
periods. Arbitrary resolution can be achieved by appropri-
ate selection of these two parameters, but at high resolu-
tions conversion times can become unacceptably long,
since maximal counter frequencies are limited. On the other
hand, the accuracy of the result is determined by the used
reference, if everything else is done ideally.

Integrating A/D conversion is very useful for measuring
slowly varying quantities, e.qg., strain, temperature, humid-
ity, illumination etc. Furthermore, smart sensors with digit-
al output can be designed as a combination of a standard
microcontroller, an integrating A/D converter, and an ana-
log sensor of a physical quantity. Low cost uncalibrated
sensor devices may be used, without compromising the
accuracy of the final result because the deficiencies of the
analog sensing device are compensated numerically. The
required signal conditioning data are obtained by calibra-
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tion in the final stage of production and consequently stored
in the nonvolatile portion of memory.

The pitfalls of capacitor selection are illustrated by the case
of the small resistive temperature sensor. The important,
i.e., the analog part of the smart sensor is shown by the
simplified schematic diagram in Figure 1.

UCC

1

Fig. 1: Integrating A/D converter

The conversion is initiated by closing switch Sy for fixed
time to determined by a certain number of clock periods.
The integrator output voltage u; ramps up, reaching a max-
imum value that is proportional to the voltage across the
sensor resistance Rx. At the end St is opened and S» is
closed. The output ramps down with a slope that is pro-
portional to the voltage of a very stable resistor Rrer. When
the integrator voltage becomes negative with respect to
analog ground, the timer inside the microcontroller is
stopped by the negative edge of the comparator output E.
The plots of main converter signals are shown in Figure 2.

A
Y
A
\ 4

Fig. 2: Time diagram: u; integrator output, E
comparator output

The peak integrator voltage can be expressed by

¢ t

Um:[me'%zlmRREFhﬁ (1)
where I represents the measuring current through the
sensor Rx and reference resistor Rrer, respectively. From

the unknown resistance of the sensor is given by

Ix
Ry = Reer - 2)
0

meaning that only the stability of Rgrer has influence on the
result accuracy. This would be true if the opamp and com-
parator were ideal. The dual slope principle is not sensi-
tive to the instability of the integrator time constant RC as
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long as the constant remains unaltered during conversion
time to + tx. The integrator peak voltage Un, given by re-
mains unaffected by the comparator input offset voltage,
since the counting of both times, charging to and discharg-
ing tx, are started and stopped at the same integrator volt-
age, respectively. The actual conversion is started by clos-
ing S until the integrator output u; becomes negative then
both switches (S1 and S») are toggled. The charging time
to counter is not triggered until the rising edge of the com-
parator output E.

The input offset voltage Up of the opamp in the integrator
induces an error that can be expressed as
20U,

ARX = 7 (3)

with I, denoting the measuring current (Figure 1). As it is
shown in /8/ this error is compensated by reversing the
polarity of the measuring current I, which is done by ne-
gation of the logic outputs P1 an P2 (Figure 1). The accu-
rate result is the mean of the results obtained with both
polarities of the current I

R, = Rper % (4)
The procedure with four slopes of integration, shown in
Figure 3, doubles the required conversion time, but low
cost opamps with offset voltages |Uo| <1 mV may be
used.

t0 tx1 to t><2

»
!

< > - < l: >
Fig. 3: Plot of the integrator output ui(t) in the four slope
A/D converter

3.2 Dielectric absorption

The analyzed integrator is part of an intelligent resistive
sensor of small physical dimensions (25 x 9 mm), there-
fore small passive components are used. The long inte-
gration time, which is necessary to achieve the prescribed
resolution, and the low supply voltage require relatively large
capacitance C = 100 nF that prevents the integrator out-
put from reaching saturation. The first logical choice was
an X7R ceramic chip capacitor, characterized by its small
dimensions and SMD package. The value of capacitance
appears neither in egn. nor in , therefore the temperature
coefficient and tolerance are not important for this purpose.

Experimental tests have shown poor accuracy in the inter-
mittent mode of operation. The sensor was designed for
battery powered systems, so the analog part of the circuit
is powered only when the conversion takes place. Dielec-
tric absorption of the capacitor has been overlooked, and
the effect of the absorbed charge has not been noticed in
continuous mode since the capacitor mean voltage is zero.

For the great majority of capacitor applications the dielec-
tric absorption coefficient DA is not an important parame-
ter. It matters only in some sample and hold circuits, and
obviously in integrators that operate once in a while and
have long integrating times. This phenomenon can be
measured as a small voltage that reappears across the open
capacitor terminals after a charged capacitor has been
thoroughly discharged /10/. When voltage is applied to
the capacitor plates a certain small part of the stored charge
becomes bound on the surface of the dielectric. The proc-
ess of charge recovery is governed by pretty long time
constants that depend merely on the used dielectric mate-
rial. Measurement of the absorption coefficient DA accord-
ing to the standard MIL-C-19978 D /9/ is depicted in Fig-
ure 4.

uc(t) ‘
U - U, xDA
I i f —
-15min 0 10s 15min* t

Fig. 4: Timing and definition of voltages associated
with the measuring of the dielectric absorption

(Un denotes nominal voltage).

The effects of dielectric absorption in electric circuits are
studied by suitable models that replace the capacitor in
question. These models /11/, /12/ can be quite complex
but in most cases a simple model shown in Figure 5 is
sufficient for basic understanding. For commonly used di-
electrics, 50% of the final voltage is recovered in 1 to 10
seconds, whereas it can take as much as 15 minutes to
reach within 5% of the final value.

(o, | I
| I

R
C == = CxDA

(o,

Fig. 5: The basic model of the dielectric absorption in
capacitors

The resistance in the model of Figure 6 is given by

1
D4 -C°

where 7 denotes the dominant recovery time constant and
DA is the absorption coefficient (Table 2). The values of T
for particular materials are usually not specified and have
to be determined by experimental measurements if a great-
er accuracy than the generally presumed range from 1 to
10 s is desired.

(5)

Detailed analysis has shown that the integrating capacitor
was charged almost to supply voltage (Ucc = 3.3 V) when
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the negative supply pin of the amplifier chip was not tied to
ground to reduce supply current. The error caused by re-
covered charge is drastically reduced by the four slope
integration method. The error of n-th successive measure-
ment after the amplifier is turned on is given by

RX 2Um (6)

2

ARy _Uco DA {1 B e—f] o
where Ugo is the integrating capacitor initial voltage, T = to
+ tx is the conversion time of one polarity, 7is the domi-
nant time constant of the absorbed charge recovery, and
Unm is the peak voltage of the integrator (Figure 2). The
used ceramic chip capacitor has turned out to be com-
pletely inadequate for accurate temperature measurements
on the basis of platinum resistors. Errors due to the dielec-
tric absorption of the consecutive resistance measure-
ments of the platinum resistor Ry (Pt 1000) are shown in
Table 3. The results are expressed as temperature errors
in °C using the temperature coefficient of platinum
3850 ppm/°C. The values in Table 3 are calculated using
for two different absorption coefficients, whereas the oth-
er parameters are the same: Ugo = 3.3V, Up, = 1V, 7= 3s,
T = 1s. The errors calculated for X7R ceramics are in good
agreement with the measurements, which have initiated
more detailed analyses.

Table 3: Error of consecutive A/D conversions
expressed in temperature

Consecutive AT[°C]
measurement no. | pA = 2.5% (X7R) | DA = 0.05% (PPS)
1 0.860 17x107
2 0.442 8.84x10°°
3 0.227 4.54x107°
4 0.116 2.33x10°°
5 0.059 1.19x1073

The theoretical error caused by the absorption of PPS film
SMD capacitor is smaller than the desired resolution of
the design, therefore raw conversion data, i.e., timer counts
that measure time tx, have been observed. The raw results
of consecutive conversions (after power up) are within plus
minus one count, provided that the temperature is con-
stant.

4. Tests in climatic chamber

4.1 Naked PPS SMD capacitor

Encouraged by the theoretical results (Table 3) an ade-
quate substitution for the X7R MLCC has been found in
the form of the stacked PPS film capacitor. These capaci-
tors are almost a perfect choice and feature a very low
absorption coefficient DA and very low dissipation tané <
5-10"* in the temperature range from -25°C to 80°C. The
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data for PPS shown in Table 2 are rather misleading be-
cause the worst values over the whole temperature range
are given. In addition, PPS capacitors are available as small
SMD components that save space on the PCB and fit on
solder pads provided for the former ceramic capacitor. The
construction of naked stacked film capacitors is shown in
Figure 7. The lateral side is usually left without any coating
/4/.

J/ Lateral side =

Terminal plating Sn

Fig. 6: Production and construction of stacked naked
PPS film chip capacitors

In stacked-film production technology, large rings of met-
allized film are wound onto core wheels with diameters up
to 60 cm. Then the rings are sawed apart obtaining well
defined width (dimension W in Figure 6). In this way, ca-
pacitances with very low tolerances are obtained, since
the active body is very homogenous, without the air pock-
ets which are typical of flattened wound bodies. Actual
measurements have proved that PPS capacitors have neg-
ligible dielectric absorption; hence no differences have
been detected between the results of the first and immedi-
ately repeated measurements.

Upon the verification of the calibrated sensors, some of
them returned values that were up to 2°C lower than the
actual temperature in the chamber, which was 12°C.
Among the 120 devices under test, about 10% were bad,
i.e., |AT|>0.1°C. It turned out that humidity inside the
chamber had run out of control. At temperatures around
12°C the humidity had exceeded 90%. The deviation of
certain circuits was obviously influenced by humidity, so
protection against moisture should improve the perform-
ance of the PCB in humid environments. Polyurethane
coating applied to the assembled PCBs did not help. The
deviations of the bad circuits remained unacceptable.

Since it was not clear which part of the circuit was affected
by humidity, several experiments were carried out. The
results in Figure 8 show that high humidity and tempera-
ture affect the four slope A/D converter. In this experiment
the temperature dependent resistors (Pt1000) of three
sensors were kept outside the climatic chamber at a con-
stant temperature, while the PCBs were exposed to tem-
peratures increasing in increments at high humidity and
decreasing at low humidity, respectively. As one can note
from the plots in Figure 7, the impact of the temperature
increments in the presence of high humidity is not the same



A. Levstek, M. Pirc:
SMD Film Capacitors for Integrating A/D Converters

Informacije MIDEM 38(2008)1, str. 11-19

for all circuits, but when humidity is low the circuits are left
virtually unaffected.

Fig. 7:  Measurement results of three sensors with
naked PPS capacitors: at high humidity
RH = 90% the chamber temperature was
increased in 5°C increments from 15°C to 45°C,
then the air was dried to RH = 30% and the
temperature was decreased to 15°C, again in
decrements of 5°C. Each step of this
temperature reduction lasted 1hour.

Next, the integrating PPS chip capacitors of the three test-
ed samples were replaced by encapsulated PET capaci-
tors with wire terminals and then the same experiment was
repeated. The plots that are shown in Figure 8 reliably in-
dicate that certain PPS chip capacitors were affected by
high humidity and not the PCB itself. The results registered
by the third sensor are meaningless since a fault occurred
during the replacement of the capacitor. The steps in the
upper and middle plot are a consequence of the tempera-
ture coefficients of each reference resistor Rrer, because
the sensors were kept at different, i.e., constant tempera-
tures during the test.

Fig. 8: Measurement results of three sensors with
encapsulated PET capacitors: at RH=90% the
chamber temperature was increased in
increments of 5°C from 15°C to 45°C (the left
half of the diagram), then the air was dried to
RH=30% and the temperature was
decrementally reduced down to 15°C.

4.2 The influence of humidity on
insulation resistance

Obviously, some of the used PPS capacitors were influ-
enced by moisture. The influence of absorbed moisture
on capacitance was excluded by empirical immersion tests,
so only the surface resistance between capacitor termi-
nals Rp remains as the possible cause of inaccurate con-
version, if this resistance is decreased due to air humidity.
First, we have to estimate the order of magnitude of such a
decrease of resistance that could cause the observed in-
accuracies. As is shown in Figure 9, the parallel resist-
ance represents a leak for the charge stored in the inte-
grating capacitor. The sensitivity can either be derived from
the exact analytic solution, or a few simple approximations
can be used. The latter alternative is presented as follows.

R,
—1—
R
— Il
- e le
lsRy L+
+ xm
AN,
_ﬂy ~ -
u® AU, <o, Ak
P ‘s\ > AU
v ~\\ Y il
,’ t 1 ..'—0—
<€ 0 > tx > A
AN,

Fig. 9: Integrator with insulation resistance Rp (above),
plot of integrator output voltage u; with (---)
and without Rp (- - - ) (bellow)

At the end of the first step of conversion the peak integra-
tor output is reduced by

A 1t+t0
(t
Ay =B L@,

- 1 Unlo
c  cl Ry
t

2 RpC (7)

with Aq denoting the charge that leaks through Rpand Up, is
the voltage that would be reached if there were no leakage,
i.e., Rp — oo. The shape of uft) in is considered straight
and Auj1 = Un is neglected in the integral. During the sec-
ond step of conversion, ui(t) decreases faster than in the
ideal case (Figure 9) and after discharging for to it would
become negative. The relative error of the conversion

%_ALQ]'FAM,’Z _2Aui1 o

‘. U, U,  R»C (8)

where iy is approximated by tp, hence Auj> = Auji. In our
special case where the actual input voltage is proportional
to the resistance of the platinum temperature sensor it is
convenient to express the difference between the meas-
ured and the actual temperature

17



Informacije MIDEM 38(2008)1, str. 11-19

A. Levstek, M. Pirc:
SMD Film Capacitors for Integrating A/D Converters

AR, 1 _ to

AT = -t
Rx (0573 RPC'(XR

(9)

where ar denotes temperature coefficient of platinum. The
plot of this temperature deviation for C = 100 nF,
to = 0.5 sand ag = 3850 ppm/°C is shown in Figure 10.

Table 4: Mean values of insulation resistance at Upc=1V
and T= 25°C,

Relative Ri
Humidity [%] new

desoldered

35% 100 GQ | 100 GQ

0
—/

-05 ’/
/

W/
/

1 10 100
R, [GC]

AT [°C]

Fig. 10: Deviation of measured temperature vs.
insulation resistance Rp

The derivation of egn. is carried out only for the first phase
of A/D conversion because both phases of the actually
implemented four slope conversion are equally influenced
by the charge leak. According to capacitor producer AVX
/4/ the insulation resistance of a 100 nF capacitor is
> 60 GQ for T< 75 °C. Under normal conditions such val-
ues of Rp cannot engender noticeable deviations. Moreo-
ver, the constant resistance that appears between the ca-
pacitor terminals is taken into account during calibration,
so that the conversion results in operation are influenced
only if this resistance is decreased owing to environmental
influences.

The theoretical plot in Figure 10 shows that the parallel
resistance has to decrease to about 1 GQ when the result
fails for approximately -1.5 °C. Such errors can be noted
in the experimental results shown in Figure 7, where it is
obvious that in the presence of damp air the parallel resist-
ance of some capacitors is reduced to 50% or less by ris-
ing the temperature for 5°C.

4.3 Insulation resistance measurements

Both our theoretical and experimental findings have been
verified by measurements of two sets of PPS film capaci-
tors (100 nF/16 V), i.e., brand new capacitors and the
desoldered ones, which were removed from the assem-
bled PCBs that turned out as bad. The new capacitors were
immersed for 24h in a 20% isopropyl alcohol (IPA) water
solution. The immersion caused no measurable differenc-
es in the capacitance and dissipation factors. The meas-
ured capacitance tolerance of all samples was les than
1%. Furthermore, the insulation resistance of the devices
was measured at different air humidities. The leakage cur-
rent at the applied voltage 1V was measured by a precise
picoampermeter. The results are summarized by mean
values in Table 4.
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60% 40 GQ
90% 10 GQ

100 MQ
30 MQ

The results in Table 4 clearly indicate that the origin of the
noticed inaccuracies lies in the resistance between the
capacitor terminals. PPS capacitors have very low mois-
ture absorption, but the naked types are affected by the
side effects of PCB assembly, because the new devices
perform much better when leakage is involved. The work
of Hunt and Zou /13/ has shown the importance of appro-
priate selection of the flux in the soldering paste. The res-
idues of soldering fluxes contribute to the surface conduc-
tivity as the humidity is increased. This effect is especially
pronounced for weak organic acid (WOA) based fluxes at
high humidity (> 85%). It has been already mentioned that
the PCB's were protected against moisture but that these
efforts turned out to be unsuccessful. The tested sensors
were washed in deionized water, dried and protected with
a thin polyurethane coating (Urethane 71) but the surface
of some PPS chip capacitors remained contaminated by
flux residues. The applied coating should be substantially
thicker, which is a rather unpractical solution.

The weak point of the naked chips is the exposed lateral
sides (Figure 7) on which the metal atoms that form the
capacitor plates can be found. These lateral sides are ad-
ditionally vulnerable due to the small gaps between the
clusters of stacked dielectric film. It is almost impossible
to clean these gaps once they get contaminated. The first
prototypes were soldered by hand using ordinary solder-
ing wire filled with resin. In this case, increasing the hu-
midity does not reduce the surface resistivity /13/, there-
fore the high humidity effects were not noticed until a dif-
ferent technology of PCB assembly was used. It is impor-
tant to note the fast response of the observed leakage
current to the changes in humidity, which obviously points
to the fact that only the surface of the capacitor is involved
in this process.

5. Conclusion

The choice of SMD film capacitors on the market has gone
through significant changes that were initiated by the EC
RoHS directive. New high temperature dielectric materials
have been introduced in production. PET, PEN and PPS
films are used for plastic film SMD capacitors. Special at-
tention must be paid during the assembly of PET capaci-
tors with regard to the reflow soldering process. PEN and
PPS capacitors tolerate slightly higher temperatures in the
reflow soldering process which in turn is beneficial for the
reliability and quality of the leadless solder contacts. PEN
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capacitors should be avoided if dielectric absorption is
important. PPS capacitors are now commonly available
from various producers, but are the most expensive.

The construction of the capacitor should be carefully se-
lected for each particular application. Stacked film capac-
itors have tight tolerances and require the least space on
the PCB. As described in this paper, their naked construc-
tion is vulnerable to humidity, which reduces the parallel
resistance due to surface conductivity. Wound capacitors
are made by individually rolling the metallized film ribbons
into cylindrical rolls which are then flattened to a prismatic
shape. Wound capacitors are less sensitive to humidity,
since the outer layers of the roll protect the capacitor core
inside. Wound types are available naked or encapsulated
in plastic boxes that provide additional protection against
the environmental influences. Both variants of wound ca-
pacitors require more space on the PCB than the stacked
one.

The described case study shows the importance of care-
ful component selection from amongst the variety that is
offered on the market. Besides choosing the right dielec-
tric material, it is equally important to consider the con-
struction of the capacitor. Of course, it is almost impossi-
ble to anticipate the behavior and interactions of real com-
ponents that are exposed to harsh climatic conditions. In
addition, accurate integrating ADCs that require high insu-
lation resistances (R > 50 G{2) are suitable only for appli-
cations that are well protected against humidity. If such
protection cannot be provided in a simple and cost-effec-
tive way other ADCs should be used. In any case, inten-
sive computer-controlled testing of prototypes in climatic
chambers is an important step in the good design of de-
manding electronic products.
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Abstract: The inductive devices with the ferromagnetic core are widely used in many electronic circuits, for example in the buck and boost converters, to
store magnetic energy. They should be treated as nonlinear devices, and the nonlinearity of their characteristics arises from the dependence of induct-
ance on current. In the paper the influence of the nonlinear and linear inductor models on some selected characteristics of the above-mentioned
converters is compared. As a tool to compute these characteristics SPICE was used.

Primerjava modelov induktivnosti uporabljenih
pri analizi konverterjev

Kjuéne besede: DC-DC konverterji, SPICE, modeli induktivnih komponent

Izvleéek: Induktivne komponente na feromagnetnih jedrih pogosto uporabljamo v mnogih elektronskih vezjih, npr. v DC-DC konverterjih, za shranjevanje
magnetne energije. Potrebno jih je obravnavati kot nelinearne elemente , saj njihova nelinearna karakteristika izhaja iz tokovne odvisnosti induktivnosti. V
prispevku primerjamo vpliv linearnih in nelinearnih modelov induktivnosti na delovanje konverterjev. Pri analizi smo uporabili program SPICE.

1. Introduction

In the dc-dc converters, which are the basic part of
switched voltage regulators, the inductors with ferromag-
netic core are used to store magnetic energy /1, 2/. These
inductors should by characterized by the high value of the
permeability and the high value of the saturation induction.
The inductor with the ferromagnetic core is a nonlinear
device, what results from the dependence of its induct-
ance on current. The inductance decreases strongly with
current, when the operation point of the core is moved to
the saturation range of the magnetic induction, and it can
cause the limitation of the allowable output current (or the
load resistance) of a voltage regulator.

To design the dc-dc converters and other electronic cir-
cuits computer programs are used, and nowadays SPICE
belongs to the most popular computer tools /3, 4/. In
SPICE the models of many electronic devices are built-in,
and to obtain reliable results of analysis, they should be
simple, accurate and with credible values of their parame-
ters. As far as inductors are concerned their linear and
nonlinear SPICE models are described in /5/.

In Sec. 2 the nonlinear model of inductor is presented,
and the basic characteristics and parameters of the se-
lected inductor under consideration are given. As the main
purpose of this paper is to show the influence of the non-
linear model of the inductor on some important character-
istics of the typical buck and boost converters, therefore
the basic characteristics of these circuits with the linear
and nonlinear inductor models taken into account were
computed to this end, and they are shown and discussed
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in Sec. 3. By comparing the characteristics obtained on
the nonlinear model with the characteristics obtained on
the linear one some remarks concerning the usefulness of
the nonlinear model in the analysis of the converters are
given in Sec. 4.

2. Nonlinear model of inductor

In SPICE two nonlinear models of the inductors with the
ferromagnetic core are attainable: Jiles-Atherton model (JA
model) /6/ and SPICE Plus model. On the models the
hysteresis curve B(H) causing this nonlinearity can be cal-
culated. In the paper /9/ the results of the computations
obtained on SPICE, showing the sensitivity of the nonline-
ar dependence L(i) on the parameters of the JA model,
are given.

In SPICE the isothermal analysis, which is the analysis at
any constant ambient temperature, is possible, without tak-
ing into account the temperature rise caused by energy
losses (the self-heating phenomenon) in the inductor. The
electrothermal model of the inductor allowing the electro-
thermal analysis with the self-heating taken into considera-
tion is proposed in /7/.

The essential dependences of the JA model needed to
compute the curve B(H) are as follows

B=u, (H+M) (1)

MS-H
" JHI+ A @)
d_M_;,M+L a,, 3)

dH 1+C K
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where: B — magnetic induction, L, - permeability of vacu-
um, H - magnetic field, M - magnetisation, Man - initial
magnetisation, and the parameters of the model are: MS
- saturation magnetisation, A - thermal energy parameter,
K - domain anisotropy parameter, C - domain flexing pa-
rameter. On the computed dependence B(H) the incre-
mental permeability i1 can be obtained, which is needed
to calculate the inductance L.

To compute the dependence L{i), at first the magnetic field
H is calculated at any assumed current i according to

where: z - number of coils, | - length of the magnetic path
(core model parameter PATH). When H is given, the hys-
teresis curve B(H) can be computed on the basis of the
formulae (1-3), then the incremental permeability p at the
assumed current can be calculated, and the inductance L
is given as follows /8/

_Z K-S dB (5)

/ dH

where S - the cross-section of the core (core model pa-
rameter AREA).

L

In the computations presented below the following values
of the parameters of the considered core were assumed
/9/:MS =412.2 A/m, A= 4482 A/m, K= 25.74 A/m,
C = 0.411 A/m (taken from SPICE library MAGNETIC.LIB
for K528T500_3C8 core). The magnetic pathwas | = 3.84
cm, the coil number z = 10 and the cross-section area of
the core S = 0.63 cm?. The hysteresis curve at the fre-
quency f = 10 kHz and the dependence L{i) of the inductor
computed with the above given parameters values are
shown in Fig. 1a, b, respectively.

As seen from Fig. 1a, the saturation induction of the con-
sidered core amounts about 430 mT (after converting units
of measure, as in SPICE the magnetic field is denominat-
ed in oersted (Oe) and the magnetic induction in gauss
(Ga)). The derivative dB/dH attains its maximum value at
the inductor current equal to about 100 mA .

As seen from Fig. 1b, for the inductor under consideration
the inductance L decreases with current increase from
L = 590 pH inlow and medium current range to L = 35 uH
at 1 A, what corresponds to the start of the saturation range
of the B(H) curve, and next up to L = 0.2 puH at the high
current equal to about 100 A, when the operation point is
placed in the deep saturation range of the dependence
B(H).

3. Influence of inductor models on
the characteristics of converters

The computations of the selected characteristics were
carried out for the buck (Fig. 2a) and boost (Fig. 2b) con-
verters. The following basic characteristics were consid-
ered: the dependence of the output voltage V, and the

a) 05
0,4 |
03
0,2
0,1
t 0 -
m
0,1
0,2
0,3
0,4
0,5 ; ; ‘ ;
-300 200 -100 0 100 200 300
H [A/m]
b) 1000
100
EL 10
=
1
0,1 T T T T
0,001 0,01 0,1 1 10 100
i[A]

Fig. 1. The hysteresis curve B(H) of the core (a), and
the dependence of the inductance on the
inductor current (b)

efficiency n on the load resistance R, on the duty factord
and on the input voltage V;. Additionally, the dependence
of the peak-to-peak output voltage (ripples) Vp, on the load
resistance was computed as well. These dependences
were computed with the nonlinear model of the inductance
L, which characteristics (Fig. 1) and parameters values are
givenin Sec. 2, and, for comparison, with the linear model
at three values of the inductance L equal to 590 pH (cor-
responding to the low and medium current range), with 35
UH (corresponding toi = 1 A) and with 0.2 uH (correspond-
ing to i = 100 A). The computations were carried out by
SPICE at the ambient temperature T = 300 K. In these
computations the SPICE built-in models of the diode and
MOS transistor were used with their parameters values tak-
en from library EVAL.LIB for diode 1N4148 and transistor
IRF150. For two considered converters R2 = 10 Q and
C= 470 uF were assumed. The voltage source V2 sup-
plies the trapezoidal pulse run with the low and high levels
of the transistor input voltage vas equal to 0 and 10V, re-
spectively; the period of this run is equal 10 us (Fig. 2).

3.1 The buck converter

For the buck converter (Fig. 2a), the dependences Vo(Ro)
and 1n(Ro) with the duty factor d = 0.5 and the input voltage
Vi=-20V, next the dependences V(d) and n(d) with R, =
100 Q and Vi = -20 V were computed, while the depend-
ences Vo(Vi) and n(Vi) withd = 0.5 and R, = 0.5 Q, respec-
tively. These all characteristics were calculated at three
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Fig. 2. The schemes of the buck (a), and boost (b)
converters

values of the linear inductance taken from the different
current ranges of the dependence L(i) and with the nonlin-
ear model of L(i) described in Sec. 2.

In Figs 3a, b the characteristics Vo(Ro), and n(Ro) are
shown, respectively. As seen from Fig. 3a, at low load re-
sistances (high currents), when the core saturates, the de-
pendences Vo(Ro) do not differ considerably for the non-
linear model, the linear model with at L = 590 uH and at L
= 35 uH, while at high resistances (low currents), without
core saturation, only the results obtained on the nonlinear
model of L(i) and on the linear model at L = 590 uH are
similar to each other. In the whole resistance range the
characteristic with L = 0.2 uH differs from other character-
istics considerably.

As it results from computations (Fig. 3a), the converter
operates in the current continuous mode (CCM) at Ro <
200 Q as the nonlinear model L(i) was used, while on the
linear model the lower values of this resistance are ob-
tained: Ro=10QatL=35uHand R, =0.2 QatL=0.2
UH, what, in turn, leads to high differences in the comput-
ed values of the output voltage obtained on the consid-
ered models in the discontinuous current mode (DCM) es-
pecially.

From Fig. 3b it results that the computed efficiency n ob-
tained on the nonlinear model of L(i) is lower than 1 result-
ing from the linear model in the whole range of the as-
sumed values of R,. These divergences result from the
energy losses in the core taken into account in the nonlin-
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Fig. 3. The dependences of the output voltage (a), and
the efficiency (b) on the load resistance for the
buck converter
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ear model. With the decreasing inductance the efficiency
increases.

In Figs 4a, b the characteristics Vo(d) and n(d) are shown,
and as seen from Figs 4a the essential difference is ob-
served between the dependence V(d) with L = 200 nH
and L = 35 pH in relation to other curves. As stated be-
fore, at R, = 100 Q the core does not saturate.

From Fig. 4b it results that, as before, the computed effi-
ciency m obtained on the nonlinear model is lower than n
resulting from linear model in the whole range of the as-
sumed duty factor d practically, what is caused by the en-
ergy losses taken into account in the nonlinear model.

In Figs 5a, b the characteristics Vo(V;) and (Vi) are shown
with R, = 0.5 Q and d = 0.5 assumed. In this case these
characteristics computed with L = 35 uH and L = 590 pH
are practically identical. The voltage transfer characteris-
tic with L = 200 nH (Fig. 5a) differs from the curves with
other values of the inductance considerably. The efficien-
cy N (Fig.5b) obtained on the nonlinear model is lower about
20% than m obtained on the linear model.

The dependence of the ripples of the output voltage on
the load resistance Vpp(Ro) is shown in Fig. 6. As it could
be expected /1/, the ripples decrease with the increase
of the inductance. The highest ripples are at low values of
Ro - for the nonlinear model they amount above 100 mV,
and at L = 590 uH they amount about 100 uV.
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Fig. 5. The dependence of the output voltage (a), and
the efficiency (b) on the input voltage for the
buck converter
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Fig. 7. The dependences of the output voltage (a), and
the efficiency (b) on the load resistance for the
boost converter

3.2 The boost converter

For the boost converter (Fig. 2b) the characteristics Vo(Ro)
and Nn(Ro) were computed with d = 0.5 and Vi = 12V, next
Vo(d) and n(d) with R, = 3 Q and V; = 12V, and V,(V;) and
n(V) withd = 0.5 and Ro = 3 Q.

In Figs 7a, b the characteristics Vo(Ro) and n(Ro) are shown.
As seen from Fig. 7a, the noticeable differences between
the curves for all inductances assumed are at higher val-
ues of the load resistance, when the core does not satu-
rate. At L = 590 puH and at the nonlinear model of the in-
ductance the converter operates in CCM in the whole con-
sidered range of the load resistance. At the lower induct-
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ances this mode is limited to Ro = 70 Q (at L = 35 uH) and
Ro=10Q (atL = 0.2 uH).

The dependences 1(Ro) (Fig.7b) obtained at four induct-
ances differ from each other considerably, at higher val-
ues of the load resistance especially, and the highest dif-
ferences - even 80%, are visible at L = 200 nH with re-
spect to other curves.

In Figs 8a, b the characteristics Vo(d) and n(d) are shown.
As seen form Fig. 8a the differences between the obtained
dependences V(d) for the nonlinear model L(i) and at L =
0.2 uH are similar, while at L = 35 uH and at L = 590 uH
the values of V, are about 100 % higher than those for the
nonlinear model.

From Fig. 8b it results that the dependences n(d) obtained
on the linear model of L differ from the dependence ob-
tained on the nonlinear model considerably. For all con-
sidered inductor models the efficiency decrease with in-
creasing duty factor.

a) 30
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Bl vi=n2v
Ro=3 Q
20 - Lo-"'L=590 uH
E -
2 15 the nonlinear model
>
10 == T T Tt
5
0 T T
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70 .
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Fig. 8. The dependence of the output voltage (a), and
the efficiency (b) on the duty factor for the
boost converter

In Figs 9a, b the dependences Vo(V)) and n(Vi) are shown.
As seen from Fig. 9a, at low values of V; there are no es-
sential differences between the curves with the consid-
ered values of L, while at higher values of the input voltage
they become visible.

As seen from Fig. 9b, the lowest values of the efficiency n are
at L = 200 pH - they amount about 10% only. For the nonlin-
ear model the dependence 1(Vi) has the maximum atV,= 4 V.
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Fig. 9. The dependence of the output voltage (a), and
the efficiency (b) on the input voltage of the
boost converter

For the boost converter the dependence of the ripples of
the output voltage on the load resistance Vpp(Ro) is shown
in Fig. 10. The ripples decrease with increasing the load
resistance, and the increase of the inductance causes
decreasing the ripples as well.

BOOST
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Fig. 10. The dependence of the ripples of the output
voltage on the load resistance for the boost
converter

4. Conclusions

In this paper the influence of the inductor model form on
the selected characteristics of the buck and boost con-
verters are discussed. The computations results are given
for two models of inductance: the nonlinear JA model and
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the linear one with the different values of L assumed. On
these results one can estimate if the nonlinear model of
the inductance is needed in the computer analysis of the
converter to obtain reliable results. To this end the induc-
tor current range should be evaluated in the first place.

If the core operates without saturation, then the divergenc-
es between the computations of the output voltage on the
nonlinear model of L and on the linear one with the value
of the inductance taken from the low current range are not
essential. As the energy losses in the core are included in
the nonlinear model of L, then the efficiency obtained on
this model is typical lower than on the linear model, and
the differences between these computations results of ¢
can even amount some tens of percents.

It is worth-mentioning to compare the computation times
of the characteristics presented in Sec. 3. Owing to the
use of the linear model of the inductor the time needed to
analyse any converter circuit is shortened up to 50%.
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Abstract: This paper presents a new approach to design and structure optimization of a deterministic test pattern generator (TPG). The TPG is composed
of alinear register and a non-linear combinational function that can invert any bit in the generated patterns. Consequently, any arbitrary test sequence can
be produced. Such a TPG is suitable for on-line built-in self-test (BIST) implementations where functional units are tested in their idle cycles. To reduce the
gate count of the BIST structure a genetic algorithm (GA) is employed. This approach and its multi-objective nature allows concurrent optimization of
multiple parameters within multiple design aspects (register cells type, patterns order in the generated test sequence, bit order of a test pattern), which
influence the final solution. Experimental results on combinational ISCAS benchmarks demonstrate the efficiency of the proposed evolutionary approach.

Nov pristop k optimiranju strukture generatorja testnih
vzorcev

Kjuéne besede: generator testni vzorcev, nacrtovanje, optimiranje, genetski algoritem.

lzvleéek: V ¢lanku je predstavijen nov pristop k nacrtovanju in optimiranju strukture generatorja testnih vzorcev (TPG). TPG je sestavljen iz linearnega
registra in nelinearne kombinacijske funkcije, ki lahko invertira katerikoli bit generiranega vzorca. Tako lahko dobimo poljubno testno sekvenco. Taksen
TPG je primeren za on-line built-in self-test (BIST) izvedbe, kjer se funkcijske enote testirajo v njihovih prostih ciklih. Za zmanjsanje stevila logi¢nih vrat
strukture BIST, je uporabljen genetski algoritem (GA). Veckriterijska narava tega pristopa omogoca socasno optimiranje ve¢ parametrov na ve¢ nacrtoval-
nih nivojih (tip pomnilnih registrov, vrstni red vzorceyv, vrstni red bitov v vzorcih), kar vse vpliva na kon¢no resitev. Rezultati testiranja s kombinacijskimi

testnimi vezji ISCAS so pokazali uspesnost uporabljenega pristopa.

1 Introduction

The complexity of modern integrated circuits and rapid
changes in technology pose an ever-increasing number of
challenges in testing electronic products. With the intro-
duction of surface mounted devices, small pitch packag-
ing becomes prevalent, which makes the access to the
test points on a board either impossible or at least very
costly. Traditional in-circuit test techniques that utilize a bed-
of-nails to make contact to individual leads on a printed
circuit board have become inadequate. To cope with this
problem, boundary-scan approach has been developed
and is now widely adopted in practice /3//25/. Another
problem originates from the fact that the number of tran-
sistors in a chip increases faster than the pin count and
consequently internal chip modules become more and
more difficult to access. Limited number of I/O pins repre-
sents a bottleneck in testing of complex embedded cores
where transfers of large amounts of test patterns and test
results between the automatic test equipment (ATE) and
the unit-under-test (UUT) are required, /4/. One of the al-
ternative solutions is to implement a built-in self-test (BIST)
ofthe UUT, /28/, with on-chip test pattern generation (TPG)
and on-chip output response analysis logic. In this way,
the test circuitry is incorporated on-chip and communica-
tion with external ATE is reduced to test initiation and trans-
fer of test results /22/. Besides, self-test can be performed
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at the circuit's normal clock rate. This may increase the
coverage of faults that could otherwise be detected only
during normal system operation. In addition, BIST can be
used for periodic testing and/or to diagnose system fail-
ures in system maintenance. On the other hand, BIST im-
plementation inevitably leads to area overhead, which typ-
ically results in performance penalties due to longer signal
routing paths resulting from the inclusion of the BIST cir-
cuitry in the design. Minimization of the BIST logic is one
of the commonly addressed problems in practice.

Different TPG approaches have been proposed. They can
be classified as ROM-based deterministic, algorithmic,
exhaustive and pseudo-random. In the first approach, de-
terministic patterns are stored in a ROM and a counter is
used for their addressing, /10/. This simple approach is
limited to small test pattern sets. Algorithmic TPG are mostly
used for testing regular structures such as RAMs /30/.
Exhaustive TPG is counter-based approach which suffers
from the fact that it is not able to generate specific sequence
of test vectors. With some modifications, however, coun-
ter-based solutions are able to generate deterministic test
patterns, /5//16//18/. Pseudo-random TPG is most com-
monly applied technique in practice. In this approach Lin-
ear Feedback Shift Register (LFSR) or Cellular Automata
(CA) are employed to generate pseudo-random test pat-
terns. In order to decrease the complexity of a TPG, de-
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signers usually try to embed deterministic test patterns into
the vector sequence generated by some linear register.
Such embedding can be done either by re-seeding a TPG
or modifying its feedback function /17/. There are also
solutions that modify or transform the vector sequence pro-
duced by a LFSR in such a way that it contains determinis-
tic test patterns /29//2/. Most proposed LFSR structures
are based on D-type flip-flops. In recent years, LFSR com-
posed of D-type and T-type flip-flops is gaining popularity
due to its low area overhead and high operating speed
/13//14/.

In the paper an approach for the generation of determinis-
tic TPG logic based on a Linear Feedback Shift Register
(LFSR) composed of D-type and T-type flip-flops is de-
scribed. The use of LFSR for TPG eliminates the need of a
ROM for storing the seeds since the LFSR itself jumps
from a state to the next required state (seed) by inverting
the logic value of some of the bits of its next state. The
approach for constructing the proper LFSR employs a
genetic algorithm (GA) to find an acceptable practical so-
lution in a large space of possible LFSR implementations.
In the area of TPG, genetic algorithms have mainly been
used for the derivation of test pattern sets for target UUTs
/8//26/. As for the synthesis of the TPG logic for actual
generation of the derived test patters, GA approach has
been used for the solutions based on cellular automata
/9/.

This work was motivated by the need of deterministic test
pattern generation for the on line BIST of structure com-
posed of idle function units and registers, originally pro-
posed in /27/. In this approach, functional units and reg-
isters that are not used for the computations of the target
application during individual time slots are organized into a
structure that is continuously tested in parallel with normal
system operation. Normally, pseudo-random test vectors
can be employed for such on-line self-test. In critical appli-
cations, where low fault latency is required, test pattern
generators (TPG) that generate deterministic test sequence
are needed. Deterministic test sequences (i.e., in which
non-useful test vectors are eliminated) may also consider-
ably reduce diagnosis time in fault localization /19/.

2  Test pattern generator structure

A TPG can be regarded as an autonomous finite-state
machine that is typically configured as a shift register with
additional feedback connections. A TPG is said to be line-
ar if its feedback logic is composed exclusively of XOR
gates, otherwise it is said to be non-linear. A TPG is initial-
ized to a known initial state, and the contents of its flip-
flops in the initial state are called the seed. The flip-flops
are clocked to cause the transitions, whose exact nature
depends on the feedback connections. The values of the
state variables in subsequent transitions are used as test
patterns. Most reported TPGs are D flip-flop based linear
feedback shift registers (LFSRs).

In atypical scenario, a TPG is initialized with a given deter-
ministic seed and run until the desired fault coverage is
achieved. The test application time using an LFSR is sig-
nificantly larger than what is required for applying the test
set generated using a deterministic TPG. This is due to the
fact that vector set generated by a LFSR includes besides
useful vectors also many other vectors that do not contrib-
ute to the fault coverage. In order to reduce test applica-
tion time, current non-useful vectors should be replaced
by useful vectors appearing later in the test sequence. This
can be done in a number of ways. Most commonly used
techniques are reseeding and weighted-random pattern
generation.

In our approach, the goal is to develop a TPG that would
generate only the required test vectors (i.e., with no inter-
mittent non-useful vectors). The overall structure of the
proposed n bit test pattern generator is presented in Fig.
1. It is composed of a Multiple-Input Signature Register
(MISR) and a modification logic. The MISR has a form of a
ring that is composed of n flip-flops with either active high
or active low inputs. Any flip-flop of the MISR can be of T
type or D type. Each flip-flop (D or T) can also have invert-
er on their input (denoted as D or T). Thus, the register
may have one of 4n different structures. The inputs of the
MISR are controlled by the modification logic. The outputs
of the MISR are fed back to the modification logic which is
a simple combinational logic and acts like a decoder.

circuit under test

A 4

X SET Qle...
1
CLR 6
<!
modification logic |
—
Xe{D, D, T, T}

Fig. 1: Test pattern generator structure

In our case, MISR and the modification logic are applica-
tion specific: they are synthesized according to the required
test pattern set. The modification logic allows that in the
subsequent clock cycles the contents of the MISR assume
the values specified by the target test pattern set.

One of the parameters that are important for practical im-
plementations of TPGs is area overhead. It is influenced
by the structure of each MISR stage, the order of the test
patterns in a test sequence and the bit-order of the test
patterns. While the first property influences the complexi-
ty of both the MISR and the modification logic, the remain-
ing two impact only the area of the modification logic.
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3 Genetic algorithm

The population-based evolutionary approach - employed
through GA /1//7//15/ was used for optimization because
of its intrinsic parallelism that allows searching within a broad
database of solutions in the search space simultaneously,
climbing many peaks in parallel. Therefore, the risk of con-
verging to a local optimum is low. Besides, promising re-
sults of our research work obtained in other optimization
problem areas /20//21//23//24/ encouraged us to con-
sider GA approach as one of the possible alternatives in
TPG synthesis optimization.

The implementation of genetic operators is described with
more details in /24/.

4 Structure evaluation

Operation of the jth cell of the TPG register during one
clock cycle can be expressed by the following equation:

Qi=1q @q1- Di; D
Qr=t1q1 @qgn @1 Oy (1)

where gj1 is the current state of the cell number j-7, g; is
the current state of the j-th cell, Q) is the next state of the j-
th cell, ; is the coefficient determining type of the flip-flop
in the j-th cell , i.e., O for D-type flip-flop, and 7 for T-type
flip-flop, ij is the coefficient determining whether there is
an inverter at the input of the flip-flop in the jth cell , i.e., O
for absence of inverter, and 7 for presence of inverter, and
fj is the value of the j-th output of the modification logic.
Thus, the value of the j-th output of the modification logic
is:

i=tq@qm1- @i ®Q
f1=t1q1 @qgn- Pi1 @ Qq (2)

On the basis of these equations one can derive values of
the outputs of the modification logic for each vector but
last in the test sequence. In that way ON-set and OFF-set
of the modification logic are defined.

Further, Espresso software /11/ was used for Boolean min-
imization of the modification logic and its approximate cost
evaluation. This software takes a two-level representation
of a two-valued (or multiple-valued) Boolean function as
input, and produces a minimal equivalent representation
(number of equivalent gates). It automatically verifies that
the minimized function is equivalent to the original func-
tion. The algorithms used represent an advance in both
speed and optimality of solution in heuristic Boolean min-
imization.

5 Results

The optimization process is shown in Figure 2, where the
initialization phase determines the initial TPG structure
through the desired sequence of test patterns. The GA
tries to optimize the circuit (make new configuration) while
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checking the allowed TPG structure and using the exter-
nal structure evaluation tool. The evaluation tool calculates
the cost of a given structure through the input test patterns
and TPG configuration. After a number of iterations the
best structure is chosen and implemented through the
hardware description language. Parameters of the GA used
in our experiments are; a) for first three circuits: number of
generations is 50, population size is 10, probability of cross-
over is 0.8, and probability of mutation is 0.01, and b) for
the next three circuits: number of generations is 100, pop-
ulation size is 50, probability of crossoveris 0.7, and prob-
ability of mutation is 0.05. The final solution for each cir-
cuit was the best one found after a few repetitions of opti-
mization. There were few repetitions due to the non-deter-
ministic nature of the genetic algorithm.

In Table 1 the results of the evaluation of the optimization
process with the ISCAS test-benchmark combinational cir-
cuits are presented. The widely accepted ISCAS bench-
mark suite has been in use since being introduced in sim-
ple netlist format at the International Symposium of Circuits
and Systems in 1985. In 1989 ISCAS symposium a set of
sequential circuits was introduced, similar to the 1985 cir-
cuits, but with the addition of a D-type flip-flop element.
These simple combinatorial circuits are used to benchmark
various test pattern generation systems.

test patterns

A

initialization

v
e s

genetic algorithm

evaluation <

TPG
figurati

L—» | postprocessing|

S
description

Fig. 2: The optimization process

All test circuits used in our evaluation were transformed by
the input reduction procedure proposed in /6/. The test
pattern width (denotes the number of the inputs) and the
number of test patterns (number of different input test vec-
tors to cover all possible faults) are presented in the sec-
ond and the third column, respectively, for each bench-
mark. The next two columns present the total cost (number
of equivalent gates) of the modification logic reported by
Espresso for the initial and optimized TPG structure. The
last column shows the achieved improvement between in-
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itial and optimized structure. The execution time of the GA
algorithm itself was always below a second, while the eval-
uation phase, performed by the external structure evalua-
tion tool, took couple of seconds per evaluation. There is
no report on total execution time, which in fact was meas-
ured in minutes, but since this is off-line optimization pro-
cedure, optimization effectiveness was considered more
important as optimization time.

Table 1. Results of modification logic size (in total cost)

test number

o optimized improvement
pattern oftest initial TPG P P

width patterns PG in %
c432 36 27 348 280 19.5
c499 41 52 312 164 47.4
c880 60 16 536 402 25.0
c1355 41 84 584 488 16.4
c1908 33 106 2077 1840 11.4
c6288 11 12 74 49 33.8

Since the bit-order of the test patterns and the order of the
test patterns in a test sequence influence the area of the
modification logic, it might be interesting to compare the
results also with the results of column matching algorithm
/12/. Both approaches use MISR of similar complexity,
while the main differences are in the design of the modifi-
cation logic. Table 2 shows the results of the comparison
of the two approaches for the same benchmark circuits.
The complexity figures in the 2" and 3™ columns of Table
2 are expressed in terms of a total cost reported by Es-
presso per bit of the produced test pattern:

. total _cost
complexity= =

(3)

test _ pattern _ width*number _of _test _ patterns

Such a measure was applied because in experiments dif-
ferent test pattern sets were used than those reported in
/12/.

Table 2. Comparison with results achieved in /12/

complexity of TPG complexity of the proposed
obtained by column TPG obtimized by GA
matching approach

c432 0.33 0.29

c499 0.13 0.08

c880 0.38 0.35

cl1355 0.19 0.14

c1908 0.29 0.53

c6288 - 0.44

The comparison presented in Table 2 indicates that the
proposed approach has a higher potential to provide solu-
tions of TPG generating deterministic test patterns than
column matching. Another big difference is also in testing
time; in column matching solution all deterministic test pat-
terns are embedded in a long test sequence composed of
5000 test vectors, which contains a lot of patterns not
contributing to the fault coverage in the CUT. On the other
hand, the GA based solution produces all deterministic test
patterns as a one short test sequence that does not con-
tain any superfluous vectors.

In Table 3 the comparison of the area of TPG logic for AMS
0.35 um technology for the implementations reported in
/2/ and the GA based solutions is presented. The area is
expressed in terms of equivalent two input NAND gates.
As in Table 2, a specific measure of the area overhead of
the TPGs was applied due to the fact that different deter-
ministic patterns sets have been used for TPG synthesis.
The proposed measure is expressed by the following for-
mula:

. area
area _per _bit=

(4)

test _ pattern_ width* number _of _test _ patterns

Table 3. Comparison with results achieved in /2/

area_per_bit of the TPGin  area_per_bit of the proposed

[2] TPG obtimized by GA
approach
c432 0.22 0.11
c499 0.21 0.10
¢880 0.19 0.29
c1355 0.20 0.09
¢1908 0.19 0.32
c6288 0.24 0.54

Experimental results in Table 3 indicate that for some
benchmarks the proposed TPG and the GA optimization
procedure provide solutions with lower area overhead than
the TPG presented in /2/ while for some other bench-
marks the TPG in /2/ are better. This may be due to the
fact that we used Espresso as a fast evaluation tool in the
TPG optimization process and Synopsys as a tool for syn-
thesizing the final solution. Therefore, applying Synopsys
as both the evaluation tool and the final synthesis tool is
likely to improve the results.

The above examples are good for illustrating the advantag-
es of the proposed approach in comparison with the exist-
ing solutions. However, one should be aware that the em-
ployed benchmark circuits are relatively small. Realistic
assessment of techniques for automatic deterministic test
pattern generation requires more complex circuits. Since
such examples are not reported in the referred papers,
we performed GA optimization approach on some larger
benchmark circuits. While the results regarding the com-
plexity and the area per bit are in average comparable to
the GA examples reported above, the computation time
for larger circuits considerably increases and may repre-
sent a bottleneck in practical implementations. For exam-
ple, the computation time for circuit s38417 was 140 times
larger than for ¢880.

6 Conclusion

In many cases, pseudo random pattern generators pro-
vide reasonable fault coverage for different circuits-under-
test. However, if a TPG fails to provide the desired fault
coverage within the given test length, application specific
deterministic TPGs are employed. Deterministic TPGs are
by default more complex since they employ additional log-
ic to prevent the generation of non-useful test patterns.
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Area overhead is one of the important issues of the design
of deterministic TPGs. In this paper, a new type of deter-
ministic TPG is presented based on a feedback shift regis-
ter composed of D- and T-type flip-flops and inverters. It is
also equipped with a modification logic that can invert any
bit in any pattern generated by the register. The search for
the optimal structure of the TPG is performed by a genetic
algorithm and some illustrative case studies were per-
formed on ISCAS test-benchmark circuits. Promising ini-
tial results have been obtained on small and medium bench-
mark circuits. The computation time for larger circuits con-
siderably increases and may represent a bottleneck in prac-
tical implementations.
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TWO OPTICAL RING COMMUNICATION BETWEEN POWER
ELECTRONIC BUILDING BLOCKS: A CASE STUDY

Zarko Cugcej, Karl Benkic¢
Univerza v Mariboru, FERI fakulteta, Maribor, Slovenia

Key words: communication, power electronic building block, control

Abstract: Power electronic building blocks initiated and sponsored by the Office of Naval Research, are based on the integration of power semiconductor
elements with some degree of intelligence and data communication capability in compact form.

This article addresses the communication issues of power electronic building blocks. After brief overview of common used topologies in power electronic
building blocks there is an analysis of requirements of communication between power electronic building block and detailed description of case of the
two-optical ring communication topology with schemas for of complete implementation of slave nodes in a single FPGA circuit.

Komunikacija dvojnega optichega obro¢a med gradniki
mocnostne elektronike: Studija primera

Kjuéne besede: Komunikacije, gradniki mo¢nostne elektronike, vodenje

Izvleéek: Gradniki mocnostne elektronike, ki jih je vpeljala in sponzorirala ameriSka vojna mornarica (Naval Research Office) temeljijo na integraciji
mocnostnih polprevodnikov z dolo¢eno stopnjo inteligence in sposobnostjo prenosa podatkov v kompaktni obliki.

Clanek se osredoto¢a na komunikacijo med gradniki moénostne elektronike . Po kratkem pregledu najbolj pogosto uporabljenih topologij v gradnikih
mocnostne elektronike naredimo analizo komunikacijskih zahtev med gradniki mo¢nostne elektronike. Nadaljujemo z detajlnim opisom primera topologije
dvojnega opti¢nega obroc¢a in podamo sheme za implementacijo enot tipa suzenj v FPGA vezju.

1. Introduction switch and auxiliary half bridge for so call zero-voltage or
zero-current switches.

Recently the development of the electric power supply

systems as well as power supply equipment are directed th

toward miniaturization (doable with new semiconductor

materials and use higher switching frequencies) and distri-

bution/integration of supply sources with their loads ena-
Vout

|78

C

bling optimization of their joint features or achieve other
desirable features as reliability, survivability, low cost pro-
duction etc.

commut.

. Vout
circiut

This new design paradigm, the first time clearly exposed
by of the Office of Naval Research initiation for develop- V-
ment of power electronic building block (PEBB), anticipate de
that each PEBB will have standardized input/output con- @
nections, some smartness enabling safe control, state N N
observation with power electronics hardware managing, Ve Ve
and software determination of their function/behavior. Fur- J J l
ther, introduction of digital communication ability between
PEBBSs and master or distributed control system open new é

Va Vs

Ve

half bridge (b) ZCS switch

bunch of operabilities for new developments, research and
sophisticated solutions yet not imaginable /1/, /2/, /3/,

/4/,75/. [ r
1.1 The most common PEBB topologies Vi Vi

Basic switching element in PEBB is half power switching (©) bridge (d) 3-phase bridge
bridge usually schematically presented independently of

used switch technology by symbol for switch (Fig. 1). The Fig. 1: The most common topologies of switches in
PEBB also can be consisted from main power half bridge PEBB

Vi Vs Vr
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1.2 Universal PEBB Controller

Replacing control signals with digital communications lead
to use of digital controller. This now can be universal and
can be easily adapted to application with adequate algo-
rithm software /1/, /3/, /4/.

The switching frequencies of today’s medium power con-
verters already cross a switching frequency of over 100
kHz and the recent development of fast semiconductor
switches and converters’ topologies shows that, in the near
future medium power PEBBs will cross at a class higher
switching frequency, consequently the controller as well
communications connecting them to power switches
should be capable to perform their tasks in 10 us sample
intervals. To copy with this it is sensible to use cascade
control structure and divide task on high speed inner con-
trol loop and lower speed outer loop (Fig. 2).

data acquisition in
PEBB high rate cyclic data
PEBB -
77777 acyclic and slow rate exchange L
cyclic data exchange
UPC inner loop control fraction of outer loop
control

sample interval T

Fig. 2: Sample interval sharing between inner control
algorithm, data acquisition and cyclical data
communication. The outer control algorithm
can be distributed over a number of cyclical
data communication intervals.

Determining sample interval share for fast cyclic commu-
nication depends on the number of PEBB's linked by IPC,
the kind of PEBB (for example direct controlled, PWM con-
trolled) and a reasonable cost for communication hardware.
Similarly, the duration of inner loop algorithm execution
should be longer than data acquisition in PEBB.

1.3 Communication issues

The systems and equipment built-up with PEBBSs, accord-
ing to control and design strategy requires up to three lev-
els of communication:

1. PEBB internal high speed serial communications con-
necting local Hardware Management Logic (HML) with
PEBB components as analog-digital converters, tim-
ers, protection logic circuits etc,

2. fastlocal network linking PEBB’s and central control-
lers, i.e. Inter-PEBB Communication (IPC), and

3. alocal area network connecting equipment or sys-
tems based on PEBB to some central supervisor and
monitoring system.

The major requirement for the first two communication lev-
els is hard realtime /8/, /9/, /10/. This means that the
data has to be correct in time, as well as in content. Any
failure in both demands can lead to catastrophic events
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hazardous to devices, systems or even users. Therefore
the requirements for IPC are:

1. deterministic,

2. immune to the disturbance, crosstalk, and interfer-
ence as much as possible on the physical level al-
ready,

3. capable of allowing the diverse IPC traffic needed for
normal PEBB functioning, support reconfiguration of
PEBB, monitoring of PEBB states by boundary scan,
etc,

4. capable to adopt to different control strategies of
PEBB output voltage strategies (using pulse-width
modulation or use of variable structure control ap-
proach with direct switch state control)

5. reliable, scalable, and survivable.

Analysis of enumerated requirements shows that the com-
munication on one hand should be implemented in hard-
ware and used optical fiber(s) for transmission media and
on another hand to be adaptable to different control strat-
egies and with this to be adaptable to different data for-
mats.

2. A case study

The starting point of the case study was an existing IPC
based on MACRO protocol /5/. From it the master/slave
concept was preserved. The physical layer was enriched
with the second optical ring with traffic direction opposite
to the direction in the first ring (Fig. 3). Function of TAXI
chips with the latter described extensions was implement-
ed in FPGA (consequently achieved data rate on one ring
due to speed limitation of used FPGA was reduced to 25
Mbit/s). New synchronizer was developed, as well as a
function for topology reconfiguration. Besides this the new
frame organization, forward error coding scheme, and the
simplification of those protocols implemented in slave node,
i.e. in a PEBB, were tested.

) UPC .
<—ring 1 —> ring 2
master
—> ring 2 node «—ring 1
slave
slave fe——f slave |e—— = oo’ node slave
node 1 node 2 o< node 1
— - S — n—1
PEBB PEBB PEBB PEBB
1 2 n—1 n

Fig. 3: IPC with two active optical ring topology.

Two optical rings topology gives opportunities as doubling
the maximal number of PEBBs, or halving the sampling
interval, and thus doubling the total switching frequency or
halving the one ring IPC bit rate and not on the end gives
very desirable reliability, scalability, and survivability. From
the aforementioned possibilities, the following are consid-
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ered in the case study:

- reconfiguration of two-ring topology in one sample
interval,

- doubling the number of PEBBs in an IPC,

- locally performed synchronization, which is based on
measurements of the frames’ propagation times.

Besides the aforementioned, the structure of all frames
was revised in comparison to known solutions /7/ for bet-
ter utilizations of sampling intervals.

21 Frames

All frames have fixed length and are in the cyclic traffic
send in convoys (Fig. 5). Data (i.e. information) frames (Fig.
4a), in short I-frames, contain two 16-bit long slots, which
enables UPC to send two words of switch on/off occur-
rence data and, at the same time, to collect the same
amount of fast changing measured data in PEBB. Two slots
follow FEC which contain Bose-Chodhuri-Hasquenghen
parity code generated by generator polynomial x8+x2+x+1,
the same as used in ATM /6/. Parity bit gives enough re-
dundancy for correction 1-bit error and discovering any 2-
bit error and 8-bit burst error. The second slot also con-
tains the address of PEBB, which is superimposed on the
data. This additional PEBB address serves many purpos-
es, as described later.

16 16 8
’ data 1 ‘ data 2 + address ‘ FEC ‘

(@) data frame

8 8 16 8
‘ data + address ‘ FEC ‘

=

’ flag

(b) supervise frames
Fig. 4: Formats of frames (before 4B/5B encoding).

Supervise frames (Fig. 4b), in short S-frames, have the
same size as |-frames. Instead of the first data slot they
have an 8-bit long flag with repeated 4-bit code with a type
of S-frame (Table 1). The 8-bit field is followed by the number
of I-frames.

Table I: S-frames.

from UPC to PEBB from PEBB to UPC

Start of Convoy Switching Error

Sample Instant Synchronization Synchronization Mismatch
Master Reset Broken Ring

Initialization

Discover node

Acknowledge

During the cyclical data exchange, the data frames are sent
in a convoys started with S-frame Start of Convoy as head
and followed by I-frames in opposite order to PEBBs down
the ring and with S-frame Sample Instant Synchroniza-
tion as atrailer. The gap between the trailer and the end of
sample interval is padded with padding bits (Fig. 5).

convoy of frames for cyclic data sampling
instant
data frames
€= sc [ i | w2 |- [ 1 | sis [ pad

Fig. 5: Structure of convoy. SoC: S-frame Start of
Convoy, LRI: low rate I-frame, SIS: Sample
Instant Synchronization, pad: padding bits. The
data frame numbers are equal to the position
of slave nodes in the direction of the convoy

propagation down the optical ring.

2.2 Transceiver circuit in the slave nodes

The core of IPC is transceiver circuit (Fig. 6). It is the same
in slave and in the master nodes. Designed is FPGA and it
enables wire speed detection of S-frames. Since the data
frames travel in convoy with the SoC frame as header and
the SIS frame as trailer, it is easy to determine those time
slots in when ADM in particular PEBB’s nodes copy data
on the ring into the receiver shift register, and simultane-
ously, replace this data with their own. Slots are determined
by the cyclical data frame counter and slot decoder, which
is configured during the initialization phase using S-frame
Discover node.

CDFC

soci| [sis|

‘ 2 !
time slot

dekoder

slow rate cyclic
data requested

l 40 bit data frame, Rx SR\ }

il el f‘ Tx pass
MR, INT, Disco- |decoder: \ S R ‘
Ver -5B — 4B I o :
- S-frames I Q Q G
: , L ADM |
[
rlng 1 Rx: 5-bit SR : <1 | ring 1
| < | out
4
E

Tx: 5-bit SR‘

l 40 bit data frame, Tx SR }7

Fig. 6: Principle of innovative transceiver circuit in the
first ring. CDFC: Cyclic Data Frame Counter,
ADM: Add Drop-a-way Multiplexer.

2.3 Synchronization

The key problem in IPC is determining and maintaining
sampling instants’ synchronization in each PEBB. Synchro-
nization is based on the measurement of time difference
between SIS frame recognition instant in frame convoys
which are simultaneously transmitted, each on its own ring.
Since convoys propagate in opposite directions down the
ring, both SIS frames pass each other close to midway. At
this point the time difference between them is zero. At each
other slave node this difference is twice the offset gap
between the SIS frame recognition instant, and the sam-
pling instant. This gap is padded with padding bits (Fig. 5).
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Synchronization is performed by two counters, one buffer,
a comparator, and two pre-scaler counters (Fig. 7). Coun-
ter 1 serves for determining the gap between the occur-
rence of synchronization frame detection and sampling
instant, the second counter serves for measuring frame
propagation time. It has a complex structure, because, for
the sake of generality, it can determine half and full differ-
ences between both frames’ convoys, and also supervise
if a ring is broken. The measured difference is stored in a
buffer since it is used for the next sampling interval. The
buffer also stores data from this SIS frame, which deter-
mines ratio VCO clock/bit rate (x2,x4,x8,x16) and the
ratio between the measured time difference of SIS frames,
and the gap to sampling instant (can be 1:1 or 2:1).

Blocks “pad” and “pre-scaler” PS» serves for adjusting
padding bits. When resetting PS> the first padding bit width
is adjusted such that any jitter of sampling instants is mini-
mized. The amount of jitter depends on the accuracy of
the difference measurement, i.e. from ratio VCO clock/
bit rate. If this ratio is 2:1, then the jitter is less than +
0.0005 %, in the case of 16:1 it is improved to +0.00006
%. Since only the length of the first padding bit in the sam-
ple interval can vary, this does not disturb the bit synchro-
nization very much.

counter 1

data to sync comparator p———> sample instant
Jjrame 4+
N
data from 4 alert
sync frame [ps| n [n2] bufer | ——— ring
1 broken
select
\JiiAqiiiiilkii‘ ring
vee I B e D2 2 gt
counter 2
stop,
SIS 2
start,
reset SIS
h 2
PS pad padding bits

Fig. 7:  Scheme of synchronizer. For meaning of label
see text below.

3. Traffic

IPC traffic constitute:

- Connectionless cyclic data exchange, which in regu-
lar sample intervals deliver switching commands to
the PEBB and collect data in acquired in them.

- Connectionless acyclic data with confirmation for ir-
regular events and starting initialization.

Both traffic flows are in transmitter handled on the same
way. In wire-speed the data ere exchanged between rings
and PEBBs’ nodes.
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3.1 Acyclic traffic

Acyclic traffic is used on two occasions:

1. during the initialization phase,

2. When an irregular event in PEBB happens.

During the initialization phase, the traffic is initiated and
controlled in a master/slave fashion by UPC. Among the
S-frames used for initialization are master reset, Initializa-
tion, Discover node, Acknowledge and Sample Instant
Synchronization.

When collecting irregular events, UPC, in the sample subin-
terval intended for acyclic traffic, successively sends empty
frames Switching Error (SE) and Synchronization Mis-
match (SM). These frames in the data field carry a set of
16 flags, each assigned to one PEBB. If the PEBB experi-
ences this failure, PEBB’s nodes set-up an assigned flag
to it. If there are more than 16 PEBBs connected in one
ring, they are segmented into groups of 16 PEBBs and the
groups are assigned within the field n.

A broken ring is signaled by S-frame Broken Ring (BR) on
the second ring, immediately after detecting ring break-
down. Apparently, the broken ring is detected successive-
ly in all nodes after failure (in the second ring direction) on
the ring. For resolving possible collision and for detecting
the place of failure, BR frames are sent successively as
long as that slave nodes from the master node receive:

- ACK frame with instructions/confirmation for recon-
figuration two-ring network into two one-ring networks,
or

- MR frame with request to shutdown the PEBB (all
switches go to the off-state)

A collision arises if the next node detects a broken ring
before it detects the arrival of a BR frame from a node closer
to failure. In this case the signal alert rings broken in nodes
activate sending their BR frames, which is discontinued by
detection of the incoming BR frame. With detection of an
incoming BR frame, the flag ring is broken before previ-
ous node, is set. This flag after momentarily sending of
BR frame heading prevents any further sending from this
node (Fig. 8). Consequently, the master node rich least
one complete BR frame header, which on its way to the
master node set in the all passed slave nodes the flag ring
is broken before previous node. This procedure clean-
up the ring for the BR frame from node which is closest to
the ring failure.

BR frame header, which on its way to the master node set
in the all passed slave nodes the flag ring is broken be-
fore previous node. This procedure clean-up the ring for
the BR frame from node which is closest to the ring failure.

Frames received without errors or with one error correct-
ed by FEC, are acknowledged by the ACK frame in a pack-
et of up to 16 data frames, following the initialization frame.
Under normal circumstances the IPC is set-up during the
design of PED/PES. For the sake of reliability at the fault
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RiBBPN
received RB alert ring broken
frame { | [
S R <1 S R
stop, SIS 2 ? Q T Q
l \
8-bit delay
ring 1 Rx: 5-bit SR ’ <1 ring 2
in — < out
E
50 bit SR with 4B/5B
encoded RB frame

Fig. 8: Block scheme of transceiver circuit parts in the
second ring involved in physical protocol
“Broken Ring”. RiBBPN: flag “Ring is Broken
Before Previous Node”, SR: Shift Register, E:

enable.

tolerant design of PED/PES, the PEBB’s nodes support
reconfiguration, in the case of ring break as described in
section 3-A, as well as the auto- configuration of IPC at the
initialization of the communication system.

3.2 Initialization

Initialization has two parts:

1. initialization of PEBB

2. auto-configuration of communication system

Slave nodes executes initialization of equipment or system
consist of PEBBs by delivering the received initialization
data into the PEBB control registers, reading PEBBS’ sta-
tus registers, and supporting acknowledged connection-
less services of the acyclic data transfer.

The main goal for the auto-configurations of PEBB’s nodes
is the determination of the nodes’ serial order in the opti-
cal ring. This procedure has two steps. In the first step, the
master node in the UPC sends S-frame “Discover node”,
which activates the automaton for setting-up the decoder
for read or setting the flags in the S-frames (in accordance
with a node place in the ring), in the second step the mas-
ter node successively sends the logical addresses of the
nodes by frame pairs ‘Discover node” and I-frame. In the
S-frame’s data field node is assigned by its place in the
ring, and in the followed data frame the data slots contain
the nodes’ logical addresses, determined by the master
node.

4. Conclusions

IPC is very demanding at function execution times, conse-
quently communication protocols have to be executed at
so-called wire-speed at a bit rate of a least 100 Mbit/s.
Therefore, all functions are simplified as much as possible
and implemented by automaton, counters and registers like
to physical protocols in ISO/OSI model. It can be easy
implemented in FPGA.

Two-ring topology compensates for the double cost of trans-
mission media and the necessary electro-optical couplers
with high value benefits such as:

- enabling independent self synchronization in each
node on IPC

- higher reliability and survivability of PED/PES

From the performed simulations in VHDL and the imple-
mented parts of IPC, it can be concluded that, today, FPGA
enables the building up of compact IPC slave nodes with
integrated HML functions, in a single chip.
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ROBOTIZACIJA PROIZVODNJE - ROBOTSKO SESTAVLJANJE

Sasa Klampfer, Boris Curk

Fakulteta za elektrotehniko, racunalnistvo in informatiko

Kjuéne besede: robotizacija, sezor Banner T18, prijemalo, model lesene hiske, tekoci trak, robotski krmilnik, vodenje po polozaju in sili, robotsko
pobiranje, robotsko sestavljanje.

lzvle€ek: V ¢lanku predstavljamo princip prepoznavanja, pobiranja, odlaganja in sestavljanja elementov lesene otroske hiSke. Na kratko Zzelimo predstaviti
vzroke problematike robotskega sestavljanja in uporabljene resitve, ki so pripomogle k resitev problematike sestavljanja. Za lazjo predstavo smo izvedli
primerjavo uporabljenih resitev s tistimi, ki se v industriji uporabljajo kot profesionalne resitve.

Robotization of manufacture yield - constructing with robot

Key words: robotization, sensor, grasper, wood house model, microcontroller, servofloat.

Abstract: Robotics is fast growing area, which achieves full bloom in last teen years. Now days, manipulators are indispensable part in industry. We use
them for weld chassis, for steel and wood cultivation, for disperse coloring, steel cutting and so on. Since 1992, for each year, number of robots rapidly
increases. Reason for that is their universality, but because of that property, people start initiates them into farms, agricultures, green houses, warehous-
es, into electronics production for composing electronic components... Today, robots using area expands wide around, specially to our homes.

Basically view, represent robot as movement machine or automatic machine with more free programmable axels, in some cases in combination with
sensors or computer vision.

Our system consists with seven basic parts: the first one is operator and then follows programming device, microcontroller, robot hand, grasper, sensor
and round movement ribbon. The main goal of this project is to incorporate all basic parts in to working process for composing elements of woody children
house.

Second section in this article represents components, which are extremely important when we initiate robotization into industry. Here belong criteria, like
choosing real and successful first application, choosing right robot, production speed, time requirements for implement equipment, and complexity of
automation. In third section we made case study of hold comparison between human and robot, which is very important for understanding, how servofloat
function work. Fig. 1 shows round movement riboon, with basic parts on taking away place. Servofloat function is described in session six. Fig. 3
represent barrier on trajectory between step 1 and step 2. With servofloat function can robot avoid this barrier and jump directly over shortest path to step
3. Chapter four give us some information about IR sensor, and basic work principle for light and dark places recognition. Table 1 shows possible
combination, when we recognized parts of house, and Fig.2 shows basic principle of component recognition. Section five describes constructing
algorithm procedure, where table 2 and their indicators illustrates course of construction phase. Chapters seven and eight are purposed for discussion
about picking up elements from moving round ribbon and taking off the same elements on composing place. In this two sections we try to find answers on
our problems, and solve them completely with suggest simple solutions. Fig. 4 under seven section illustrates left side element on round ribbon palette.
Fig. 5 is placed in eight section, where illustrates decreasing tolerance between both big side elements. Under same section, Fig.6 illustrates cultivated
bottom side of the smallest side element. Section 9 concludes the paper.

Osnovna tematika projekta temelji na prepoznavaniju in pr-
ijemanju objektov, kjer igrajo pomembno viogo tolerance.

1 Uvod

Robotika se je v zadnjih desetletjih pojavila in utrdila v Ste-
vilnih industrijskih procesih v obliki moderne, ekonomi¢ne
in ¢loveku prijazne tehnologije. Robotski manipulatoriji so
nepogresljivi del pri varjenju avtomobilskih ohisij, vstavi-
janju obdelovancev v stiskalnice, razprsilnem barvanju,
sluzijo pa lahko tudi kot paletirni pripomoc¢ek oziroma kot
manipulatorji za razrez, sestavljanje itd. Prav nobeno iziemo
ne predstavljajo kirurski roboti ali servisni mobilni roboti,
kateri so dandanes v veliko pomo¢ pri raznoraznih opravi-
lih.

Cilj je usmerjen v postavitev in zagon proizvodne linije za
sestavo lesenih hisk, kjer sestavni deli prihajajo na paletah,
po tekocem traku, do mesta odjema, kjer se vrsi prepozna-
va sestavnih delov s pomocjo infra-rdec¢ega tipala. V nave-
zi z logiko prepoznavanja se ustrezni element prenese na
povrsino sestavljanja, v kolikor slednji ne ustreza zapored-
ju, se odpelje po traku napre;j.
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Sestavni gradniki hiSe so oblikovani z obdelovalnimi stroji,
ki imajo natan¢nost do enega milimetra, vCasih celo vec.
Na drugi strani pa pri sestavljanju uporabljamo manipula-
tor, ki je natancen do desetinke milimetra. To pomeni, da
moramo najti most med dvema svetovoma z razli¢nimi na-
tan¢nostmi. TakSen most ponazarjajo predstavljene mozne
resitve v tretiem poglavju, s katerimi lahko delno ali v celoti
reSimo omenjeno problematiko. S tem smo zeleli pokaza-
ti, na kakSen nacin lahko zdruzimo povsem razli¢na sveto-
va, ob enem pa prejmemo rezultate, ki smo si jih na za-
Cetku le Zeleli. Razlog zdruzevanja dveh povsem razli¢nih
svetov gre pripisati obstojeci opremi, ki je v laboratoriju na
razpolago, s Cimer lahko damo poudarek podroc¢jem, ki
marsikateremu v zaCetku izvajanja podobnega projekta niso
opazna.

Drugo poglavje je namenjeno predstavitvi najpomembne-
jSih komponent, katere upostevamo pri uvajanju robotizac-
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ije. V Cetrtem poglavju predstavijamo studijo prijema pri
Cloveku in stroju, v petem princip snovanja algoritma in v
Sestem nacin vodenja po polozaju in sili. Sedmo in osmo
poglavje ponazarjata metodologijo pobiranja in odlaganja
elementov modela lesene hiske. Sklepi, spoznanja in zak-
lju¢ne misli, podane v devetem poglavju, zaklju¢ujejo razisk-
ovalno delo.

2 Komponente, ki vplivajo na
uvajanje robotizacije

V primeru odlogéitve o robotizaciji posamezne delovne nal-
oge, ali ze obstojecega ro¢nega delovnega mesta, mora-
mo biti pozorni na naslednje pomembne komponente:

- Izbira prave in uspesne prve aplikacije. Ne smemo
izbrati prezahtevno nalogo, saj morda tehni¢no in
kadrovsko ne bomo kos resevanju naloge. lzogibaj-
mo se aplikacij, ki so zahtevne ze same po sebi.

- Izbira in dolocitev robota (manipulatorja), ki bo najbolje
zadostil nasim zahtevam. Ko imamo enkrat doloceno
nalogo, moramo izbrati optimalni tip manipulatorja. Ne
smemo pozabiti na zahtevano Stevilo prostostnih sto-
penj, obliko delovnega prostora, obliko in lastnosti
namescenega orodja ali prijemala, nosilnost (“bruto”
teza).

- Kompleksnost avtomatizacije (enostavnejsa kot je re-
alizacija vecji je zasluzek). Ne pozabimo na dejstvo,
da preproste resitve vodijo k lazjemu obvladovanju sit-
uacije in s tem posredno k manjsim stroSkom zagona
in vzdrzevanja.

- Hitrost proizvodnje (roboti delajo naceloma pocasne-
je kot ¢lovek, vendar bolj enakomerno). V praksi ob-
stajajo razlicne metode za ocenjevanje potrebnega
¢asa posameznih operacij. Pozorni moramo biti na
ozka grla, ki nam kasneje omejujejo proizvodne
sposobnosti.

- Eden izmed pomembnejsih ciljev (ni potrebno, da je
ravno glavni) je ekonomska upravi¢enost. Z robotiza-
cijo seveda pricakujemo pozitivne ucinke v smislu
vecje produktivnosti, manjSega izmeta, kvalitetnejsin
izdelkov itd.

- Casovno trajanje uvedbe (menjava proizvodnega pro-
grama). V fazi Studije je potrebno predvideti, kolikSna
bo delovna doba delovanja. To obdobje igra klju¢no
vlogo pri amortizacijo vlioZzenih sredstev.

- Prva namestitev (izkaze se, da je najboljsi strokovnjak
najcenejsi). Brez ustreznega kadra se je tezko lotiti
taksnega projekta. Tudi ¢e kupimo robotsko celico
od dobavitelja na klju¢, bomo potrebovali domaci teh-
ni¢ni kader za vzdrzevanje in odpravo napak. Robot,
ki ne opravlja svoje funkcije, je nekoristen.

- (Ne)naklonjenost okolja (ljudje se pritozujejo in sab-
otirajo robote). Posebej v okoljih, kjer niso vajeni de-
lati skupaj z roboti, lahko pride do pritozb in strahu
pred njimi. Pomembno je, da pri uvajanju robotov ne
zanemarimo ta psiholoski vidik.

3 Prijem pri ¢loveku in stroju

Ker se pri robotizaciji v veliki meri ukavarjamo z prijemi,
Vam Zelimo v okviru tega poglavja predstaviti Studijo prije-
ma. Studija prijemanja z roko pri ¢loveku, in neposredna
primerjava z robotskimi prijemali je pomembna na stevilnih
podrocjih. Tipicen primer je rehabilitacija roke, kjer nas
zanima ocenjevanje funkcionalnosti le-te, ter povrnitev gibov
ohromele roke. Klju¢no podroc¢je predstavlja interakcija
¢loveka z racunalnikom, kjer se uporabljajo namenski up-
orabniski vmesniki (hapticne naprave) za delo v navideznem
okolju. V industrijskem okolju se srec¢ujemo z robotskimi
mehanizmi, ki za prijemanje predmetov uporabljajo razli¢-
na robotska prijemala. Slednja so lahko enostavna dvo-
prstna, katero tudi sami uporabljamo, pa vse tja do spret-
nejsih in kompleksnejsih ve&-prstnih prijemal.

Eep za stransko
| -pozicioniranje

SENZOF POTICHE

Eep =
s cepa

za ustavljanje
palete

senzor
prisotnosti
palete

Slika 1. Krozni tekoCi trak s pozicionirnim ¢epom,
¢epom za ustavljanje palet in senzorjem
prisotnosti palete na odjemalnem mestu

Fig. 1.  Round movement ribbon with position bung,
presence sensor and blockade for stopping
paletts

4  Opis uporabljenega tipala in
princip prepoznavanja objektov

Nacin prepoznavanja objektov temelji na infrarde¢em tipa-
lu Banner T18. Tipalo je namesc¢eno na nosilec, ki se na-
haja na koncu robotske roke (manipulatorja). Tipalo je
sposobno zaznavati svetla in temna podroc¢ja. To pomeni,
da svetlo obmocje ovrednoti z logi¢no vrednostjo 1, temno
obmocje pa z logi¢no vrednostjo 0. Razlo¢evanje med
svetlim in temnim podroc¢jem temelji na principu koli¢ine
odbite svetlobe. Kot primer vzamimo beli in ¢rni list in ga
primaknimo pod tipalo. Beli list veliko moc¢neje odbija (sipa)
svetlobo v primerjavi s ¢rnim, ki veliksen del IR-zarka vpije,
preostali del pa odbije nazaj v smeri proti tipalu. Del zarka,
ki se odbije od povrS§ine moramo ponovno s povrsino tipa-
la ujeti, kar pomeni, da mora povrsina tipala pri od¢itavanju
lezati vzporedno z odbojno ploskvijo. S tem zagotovimo,
da zarek vpada na povrsino pod pravim kotom (popolni
odboj). Ker moramo s slednjim prepoznati vsaj pet osnovnih
elementov, v resnici jih je Sest, le da sta srednji stranici
identi¢ni, bo potrebno uporabiti za prepoznavo enega ele-
menta vsaj tri bite oziroma logi¢ne vrednosti.
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Uporabljeni deli so ovrednoteni z barvnimi kombinacijami,
ki hkrati predstavljajo ekvivalentne kombinacije logi¢nih
nivojev. Vrednotenje je ponazorjeno v tabeli 1:

Tabela 1: Prepoznane barve ovrednotene z logi¢nimi

vrednostmi

Prepoznane barve ovrednotene z logi¢nimi vrednostmi
0 0 0 Prazna paleta

0 0 1 Desna velika stranica
0 1 0 Majhna stranica

0 1 1 Napaka

1 0 0 Leva velika stranica
1 0 1 Dno hiske

1 1 0 Napaka

1 1 1 Streha

Tretja tocka Druga to¢ka Prva tocka
odcitavanja odg¢itavanja odcitavanja
(primer -temno) (primer-temno ) (primer - svetlo)

A
4."-‘.‘7.-----.- -

Smer odéitavpnja

4

Slika 2. Postopek prepoznave sestavnh elementov
Fig. 2. Basic principle of component recognition

Na sliki 2 je prikazan osnovni princip prepoznave elemen-
tov s pomocjo infrardecega tipala. Glede nato, da je tipalo
namesceno na manipulator, je potrebno definirati tri tocke,
ki so znotraj obmocja nosilne palete, v katerih tipalo od¢ita
vrednost. Na osnovi dobljene bithe kombinacije, ki jo ses-
tavljajo trije biti, dobimo informacijo za kateri element v res-
nici gre. ToCke se definirajo na trajektoriji giba manipula-
torja, ki poteka nad paleto (pravokotno na postavljen ele-
ment), tipalo pa odgéita vrednost v definiranih tockah brez
ustavljanja.

Vrednosti, ki jih navaja Tabela 1 ponazarjajo kombinacijo
za vsak posamezen sestavni element, razen dveh kom-
binacij, ki vsebujeta po dve enici. Taksni kombinaciji sta
nedovoljeni, saj nimamo nikdar na eni paleti tekoCega traku
po dva elementa. Ce se povrnemo na sliko 2, bi kombinacija
(1, 1, 0) pomenila, da se na paleti nahajata leva velika strani-
ca in majhna stranica na sredini palete.
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5 Snovanje algoritma

Pri izdelavi algoritma robotskega krmilnika NX100 si pomag-
amo z diagramom poteka, ki nam pomaga grafi¢no pona-
zoriti posamezen korak. Diagram poteka nam predstavlja
temelj, iz katerega zacnemo snovati algoritem po metodi
stop-down« (od zgoraj navzdol).Algoritem mora biti ¢Gimbolj
enostaven, hiter in razumljiv, saj lahko le na ta nacin zago-
tovimo brezhibno delovanje, in se hkrati izognemo nep-
otrebnim pogojnim stavkom. Program smo gradili modu-
larno, kar pomeni, da smo najprej zapisali strojno kodo za
prepoznavanje in prijemanje elementov, ter Sele nato, ko
je ta delovala brezhibno, presli na snovanje drugega dela
algoritma, ki je namenjen sestavljanju elementov.

Zaizvajanje naloge sestavljanja moramo imeti na voljo pov-
ratne informacije o prisotnih elementih na mestu sestavl-
janja. To pomeni, da moramo v pomnilniske lokacije krmil-
nika NX-100 shraniti informacijo o stanju na gradbiS¢u (mes-
tu sestavljanja), saj lahko le na taksen nacin robotu pov-
emo, katere manjkajoce elemente Se lahko vzame na odje-
malnem mestu iz tekocega traku. Da bi bila zadeva ¢imbolj
preprosta smo postavili pet spremenljivk z oznakami DOO1,
D002, D003, D004, D005 katerim se bodo prirejali in-
dikatorji. Stanja spremenljivk prikazuje tabela 2.

Tabela 2: Pomen indikatorjev, ki jih lahko posamezne

spremenljivke zavzamejo

[Dooo1 Prazno gradbisde

postavlieno dno

postavlieno dno + obe veliki stranici

postavljeno dno + obe veliki stranici + obe mali stranici

postavlieni vsi deli

[Do002 ni nobene velike stranice

postavliena LEVA velika stranica

NSRNHNNS

[D0003 | 0] [ni nobene velike stranice
postavliena DESNA velika stranica

|_\

|DOOO4 ni nobene male stranica

0
|1/ [postavljena ZADNJA mala stranica

Pomen spremenljivk je naslednji; v kolikor je DO0O01 na
vrednosti O, je gradbis¢e prazno. To izda povelje, da mora
manipulator poiskati dno hise, kajti brez njega gradnje ne
more priceti. V trenutku, ko slednjega najde, poveca in-
dikator na vrednost 1, s ¢imer sporo¢i da ima dno, hkrati
pa takSna vrednost predstavlja pogoj za izvedbo drugega
koraka v algoritmu. Ta korak je iskanje leve in desne velike
stranice, za kateri ima rezervirani spremenljivki DOO02 in
DO0003. V kolikor sta obe spremenljivki na vrednosti O, bo
manipulator zacel iskati eno izmed njih (prvo, ki pride). Pred-
postavimo da je najprej nasel levo in postavil indikator
D0002 na vrednost 1, kar izda pogoj za iskanje desne ve-
like stranice. Ko najde Se to, postavi spremenljivko DOO03
na vrednost 1, in ker sta sedaj obe spremenljivki na 1, se
lahko vrednost DOO0O1 poveca na 2. Podobno kot prej pred-
stavlja to pogoj za izvedbo koraka iskanja malih stranic. Ko
manipulator najde obe, in jih seveda uspesno postavi na
svojo lokacijo, lahko ponovno inkrementira spremenljivko
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DO0001. Ko je slednji enak 3, se izvrsi funkcija za iskanje
zadnjega elementa (streha). V trenutku, ko je zadnji ele-
ment uspesno postavljen na gradbisce, se DO001 postavi
navrednost 4, kar pomeni da je hisa sestavljena. Po izteku
¢asa ¢asovnika dveh sekund, se vsi indikatorji postavijo na
vrednost O, postopek sestavljanja nove hiSe pa se lahko
pricne. Casovno obdobje dveh sekund je potrebno zago-
toviti iz dveh razlogov, Kkjer prvi predstavlja varnostni razlog,
drugi pa ¢as, ki je potreben, da se gradbiS¢e sprazni.

6 Vodenje manipulatorja po polozaju
in sili (ang. servofloat)

Robotski mikrokrmilnik NX-100 nam omogoca vkljucitev
funkcije vodenja robota po polozaju in sili na dva nac¢ina.
Sem spadata »link servofloat function« in »linear servofloat
function«, kjer prva moznost nudi nadzorovanje navora nad
vsako posamezno osjo posebej, medtem ko druga moznost
nudi nadzorovanje navora nad trenutnimi koordinatami.
Glede na potrebe priizvajanju posamezne aplikacije izber-
emo ustrezno moznost. »Link servofloat function« omogoca
vodenje po polozaju, in vodenje po navoru (sili). V kolikor
posamezna zunanja sila prepreci operiranje manipulatorja
po vnaprej predvideni poti, slednji ne bo dosegel zadanega
polozaja. To velja za primere kjer je vklju¢eno vodenje po
polozaju in sili. Kadar manipulator ne more doseci predvi-
dene pozicije zaradi delovanja zunanje sile (ovire ipd.), sled-
nji izvrsi naslednjo instrukcijo. TakSen primer nam prikazu-
je slika 3, kjer je manipulator med obratovanjem naletel na
nepredvideno oviro.

5 sekund

3 sekunde

Korak 1 O

Korak 2

Korak 3

Slika 3. Qvira na poti trajektorije od koraka 1 do
koraka 2, ki spremeni smer gibanja do
koncnega cilja

Barier on trajectory between step 1 and step
2. With servofloat function can robot avoid
this barier and jump directly over shortest
path to step 3

Fig. 3.

Na preprostem primeru, ki je prikazan na sliki 3 uporablja-
mo zgolj linearne gibe med dolo¢enimi tockami, kjer imamo
vkljuéeno funkcijo vodenja manipulatorja po polozaju in sili.

Manipulator se zacne premikati v smeri iz tocke 1 v tocko
dva, kjer po treh sekundah naleti na oviro. V istem trenutku
se ob nasprotno delujodi sili ustavi, ter ostane v zaustav-
lienem polozaju preostali dve sekundi. Po izteku skupnega

¢asa petih sekund se manipulator sam prestavi v korak 3,
vendar zaobide korak 2, ki ga zaradi namesc¢ene ovire ne
mora doseci (izvede naslednjo instrukcijo). Naslednjo in-
strukcijo lahko izvede samo v primeru vklju¢ene funkcije
vodenja po polozaju in sili.

7 Pobiranje sestavnih elementov hise

Sestavni elementi hise prihajajo na tekocem traku po nak-
ljutnem zaporedju. Kot smo ze omenili uvodoma, upora-
bljamo za prepoznavo elementov, infrardece tipalo, ki de-
luje na koli¢ino odbite svetlobe od podlage. Preden za-
¢énemo vrsiti postopek prepoznave elementov moramo iz-
vesti postopek kalibracije tipala. Slednje postavimo v hori-
zontalini polozaj, kjer po empiricnem postopku dolo¢imo
primerno visino za najboljSo mozno prepoznavo elemen-
tov. Kalibracijo smo izvedli zaradi razlike v visini med paleto
in elementi (streha je blizje tipalu, kot stranice oziroma dno,
katero je najbolj oddaljeno). Iz tega razloga pois¢emo op-
timalno toc¢ko, ki je rezultat empiri¢nih poizkusov, kjer do-
bimo najboljsi vzorec pravilno prepoznanih elementov.
Razliko v visini med stranico in paleto prikazuje slika 4.

Slika 4. Element »leva stranica« na paleti tekocega
traku

Fig. 4. Left side element on round ribbon palette

Po uspesni prepoznavi elementa sledi pobiranje le tega.
Za prijem elementov uporabljamo dvo-prstno prijemalo, ka-
terega prozimo in vzdrzujemo pritisk s pnevmatskim signa-
lom. Prijemalo je izvedeno tako, da ima na notranji strani
»prstov«, kjer element primemo, nalepljeni 5 milimetrov
debeli elasti¢ni gobici. Taksna izvedba nam pri prijemu zelo
koristi (preprecuje zdrs elementa iz prijemala), vendar ima
slabo lastnost, da nase »prilepi« pobrani element, kar pred-
stavlja tezave pri odlaganju. Za stisk prijemala je potrebno
modificirati ¢eljusti v smislu, da ne stiskajo elementa pre-
mocno. Pomagali smo si s plasti¢nimi podlogami, s ¢imer
povec¢amo ali zmanjSamo razmak med ¢eljustima prijema-
la. V kolikor je stisk Se vedno premocan, lahko jakost uravna-
vamo Se s pomocjo regulacije dovedenega pnevmatskega
signala, ki je v optimalni resitvi znasal dve atmosferi.
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Sestavni deli, ki jih pobiramo iz streznega mesta, so nalozeni
nalesene palete. Le te imajo razli¢ne tolerance, kar pome-
ni, da se lahko dve paleti medsebojno razlikujeta po visini,
kakor tudi razmiku zaticev. Do razlik prihaja zaradi nena-
tan¢ne izdelave, in uporabljenih lesenih neimpregniranih
materialov, ki s ¢asom spreminjajo strukturo, obliko in di-
menzijo. To je razlog, da moramo dodeliti to¢no doloc¢eno
paleto k toéno dolo¢enemu elementu (gradniku hise). Pale-
to in njen pripadni element moramo pri sestavljanju strikt-
no uporabljati v navezi, saj se le tako definirani tocki prije-
ma in odlaganja ujemata.

8 Odlaganje sestavnih elementov
hise

Pri odlaganju elementov imata najpomembnejsi viogi toler-
anca in natan¢nost dolocitve tock odlaganja. Pomembna
je orientiranost elementov na prijemalnem mestu v vseh
treh dimenzijah (roll, pitch, yaw), saj mora imeti element
enako orientiranost, kot je bila v primeru dolo¢anja tocke
prijema in tocke odlaganja. Taksen nacin je v nasprotju z
naceli robotizacije proizvodnje. Pri robotskem sestavljan-
ju, se v praksi uporabljajo identicne odjemalne palete, in
identi¢ni gradniki. Ker tega nimamo na voljo moramo
poiskati kompromis in ustrezno resitev za preizkus delova-
nja. Osnovna gradnika (leva velika in desna velika stranica)
sta bila zasnovana z zracnostjo lukenj enega milimetra, kar
je omogocalo lazje sestavljanje. Gledano iz vidika sestav-
lianja je to dobrodosla lastnost, s katero se izognemo za-
tikanju, vendar se tak$nim tolerancam v praksi poizkusa-
mo izogniti. Slabo lastnost vpliva velikih toleranc lahko
opisemo na praktiCnem primeru: ob postavitvi obeh velikih
stranic s toleranco lukenj enega milimetra na vogalnike dna
hise, se lahko zgodi, da se obe stranici prislonita k notran-
josti (slika 4), kar posledi¢no zmanj$a razdaljo med obema
stranicama.

Razdalja se zmanjsa, zranosti pri
majhni stranici prakti¢no ni

H. ___Stranici pritisnjeni ob zatice

dna hise, v notranjost

Slika 5. Tolerance zraénosti v rezZi za majhne stranice
prakti¢no ni

Fig. 5. Decreaseing tolerance between both big side
elements. Distance between both side
elements is under allowed level

Ob vstavljanju majhnih stranic (slika 5) nastopi tezava, saj
je razdalja manjSa oziroma enaka dolzini majhne stranice.
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Da se izognemu omenjenemu problemu, je potrebno maj-
hne stranice ustrezno oblikovat. Spodniji del, ki pri sestav-
lianju najprej preide v utor, preoblikujemo v polkrozno ob-
liko (slika 6). To nam omogoca, da se bosta obe veliki stra-
nici postavljeni po scenariju prikazanem na sliki 5, pri vstav-
ljanju majhnih stranic razmaknili na ustrezno razdaljo. Prob-
lem je moc¢ resiti Se z uporabo funkcije vodenja po polozaju
in sili, ki naredi manipulator podajen. To pomeni, da se
slednji podaja po prednastavljeni sili v definiranih smereh.
S tem dosezemo kopijo obnasanja zapestja ¢loveske roke.

T .

Pogled od strani na polkroZzno
zaobljen del

Obdelava sticnega dela v polkrozno oblikg na
spodnji strani majhne stranice (rdece)

Slika 6. Obdelan spodnji del utora majhne stranice
Fig. 6. Cultivated bottom side of the smallest side
element

To lahko opiSemo na primeru vstavljanja zatic¢a v luknjo, ki
ima majhno zraénost. Clovek bo pri vstavljanju zati¢a izva-
jal akcije krozenja zapestja, s ¢imer bo zati¢ spravil v luk-
njo. Z uporabo vodenja po polozaju in sili dosezemo ravno
taksen ucinek, s katerim si pomagamo pri sestavljanju ele-
mentov z majhnimi zracnostmi.

Beseda vodenje po polozaju in sili pomeni, da naredimo
manipulator podajen v zeleni smeri. Podajnost lahko nas-
tavimo v vseh smereh gibanja vklju¢no s podajnostjo vrha
orodja. V empiricnem poizkusu smo iskali ustrezne nas-
tavitve posameznih parametrov, ki predstavljajo maksimal-
no uporabnost za izvajanje nase aplikacije. Zadovoljive re-
zultate je dajalo linearno vodenje po polozaju in sili, kjer
lahko podajnost manipulatorja nastavljamo v vseh smereh
X,Y, Z, R, B, T), oziroma samo v tisti smeri, ki deluje nas-
proti smeri odlaganja (smer X). Tovarnisko pred-nastavljeni
parametri za vodenju po polozaju in sili niso dolo¢eni, zato
moramo le te ugotoviti s pomoc¢jo metode poizkusanja.
Parametre izberemo po metodi najboljSega poizkusa. Vred-
nosti, ki jih nastavimo ne smejo biti premajhne, saj mani-
pulator v takSnem primeru preve¢ niha. Vzrok nihanja gre
pripisati delovanju sile teznosti na konec manipulatorja, kjer
svoj delez doprinese Se gradnik v prijemalu. Manipulator
se skusa temu upirati in popravljati smer gibanja, kar se
odraza v obliki nihanja. To nas prisili, da procentualne vred-
nosti pove¢amo, s tem pa izgubimo na dobri podajnosti,
kar pomeni, da se manipulator Zze moc¢neje upira postavlje-
ni oviri. Vodenje po polozaju in sili torej deluje na principu
tokovnih omejevalnikov, ki omejujejo tok v sklepnih servo-
motorijih v skladu z nastavljenimi procentualnimi vrednost-
mi. Zaradi relativno visokih procentualnih vrednosti para-
metrov vodenja po polozaju in sili, s katerimi odpravimo
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nihanje manipulatorja, poslediéno pa ga napravimo manj
podajnega, uporabili dodaten varnostni ukrep. Na mesto
sestavljanja polozimo elasti¢no podlogo, ki predstavlja
dodatno podajnost v navezi z manipulatorjem. Elasticna
podloga predstavlja tudi varovalni element, v kolikor bi pri
sestavljanju slo kaj narobe. S tem obvaruje delovno povrs-
ino, sestavne gradnike, kot tudi sam manipulator.

Elasti¢na podloga je fiksno pritriena na delovno povrsino,
kar pomeni, da se njena lokacija glede na referen¢ni koor-
dinatni sistem manipulatorja ne spreminja. Eno izmed tezav
smo Ze omenili v predhodnjih poglavjih, ki se nanasa na
leplienje elementov k elasti¢ni oblogi prijemala. Ker goba
(elasti¢na podajna podlaga) nima na vrhu utora, z minimal-
nimi tolerancami, kamor bi dno hiSe priévrstili. Tako je ob
vsakem odlaganju dno hiSe oblezalo na drugacni lokaciji.
Vzrok za to, je lepljenje elementa na gumijasto podlogo
prijemala, kar posledi¢no pri neenakomernem odpiranju
¢eljusti postavi element venomer na drugac¢no pozicijo na
odlagalnem mestu, glede na izhodis¢ni (referencni koordi-
natni sistem). Neenakomernost odpiranja ¢eljusti prispeva
k potiskanju dna hiSe levo ali desno od Zelenega sredis-
¢énega polozaja. Tega si nikakor ne smemo privosciti. Prob-
lematika je resljiva na ve¢ nacinov: prvi je ta, da izdelamo
togi podstavek, ki se popolnoma ujema z dnom hise (grad-
nikom), hkrati pa ima minimalne tolerance zra¢nosti. Taks-
ni podstavek bi pritrdili na elasti¢cno podlogo, ter od tam
naprej gradili skupek sestavnih elementov v celoto. Druga
moznost, ki smo jo izbrali mi, je ta, da na vrh elasti¢ne pod-
loge pritrdimo obojestranski lepilni trak, kjer pri odlaganju
dna hiSe, le tega najprej potisnemo centimeter v gobo, da
se oba sprimeta, ter Sele nato odpremo ¢éeljusti prijemala.

Omenimo $e nekaj dejavnikov, ki vplivajo na robotsko ses-
tavljanje. Miza in tekodi trak nista fiksno pritrjena v tla, prav
tako tudi nista medsebojno fiksno povezana. Pomanjkljivost
kaze svoje rezultate prvi¢ v primeru odcitavanja, drugic v
primeru odjemanja elementov iz teko¢ega traku, tretji¢ pa
pri odlaganju. Predpostavimo, da smo za dolo¢en primer
fiksno dologili tri toCke odcitavanja za zdajSnjo pozicijo te-

Infrardece D\{Qprstno
tipalo prijemalo
Gumijasta
obloga
Utor
Zati¢
e
Dno
hise Elasticna
podloga

Slika 7. Sestavljanje lesene hisSe z manipulatorjem
Motoman HP6

Fig. 7. Constructing wood house with robot
Motoman HP6.

koc¢ega traku. Zgodi se lahko, da nam nekdo mizo tekoce-
gatraku premakne v drugo pozicijo. To pomeni, da se tocke
odcitavanja ne bodo skladale z Zzeleno pozicijo elementov
na paleti tekocega traku, kar povzroci nepravilno prepozna-
Vo, oziroma napake pri prepoznavi posameznega elemen-
ta. V najslabSem primeru je lahko prepoznava izvedena pravil-
no, vendar se tocka prijema elementa na odjemalnem mes-
tu ne sklada s pred-definirano. Ker bomo s prijemalom v
takSnem primeru prijeli element drugace, bo ta vzrok imel
posledice pri odlaganju elementa. Posledice so lahko v ob-
liki poSkodbe sestavnega elementa, poskodbe delovne pov-
rSine oziroma nenazadnje v obliki poskodbe manipulatorja.

9 Zakljucek

V ¢lanku smo zeleli predstaviti dejavnike, ki vplivajo na ro-
botizacijo proizvodnje. Tekom izvajanja projekta smo nal-
eteli na stevilne pomankljivosti na katere v uvodu nismo
racunali, zato smo iz tega razloga predlagali mozne resitve,
ki temeljijo na preprostih principih, le tem, pa smo za primer-
javo ob bok postavili principe, ki se uporabljajo v profe-
sionalne namene. Nas pristop je temeljil na preprostih re-
Sitvah, s katerimi smo dosegli Zelene rezultate. Manipula-
tor je v navezi s tekocim trakom brez vkljuéene optimizaci-
je hiso sestavil v céasovnem intervalu od dveh do treh minut
(odvisno od zaporedja elementov na tekocem traku). Z vk-
ljucitvijo pohitritve gibov manipulatorja in optimizacijo sorti-
ranja elementov na tekodi trak, lahko ¢as sestavljanja
opazno zmanjSamo, kar predstavlja izzive za nadaljnje delo
na omenjenem projektu. Prav tako je tematika nadaljnjega
dela usmerjena na podrocje vkljucitve umetnega vida za
prepoznavo objektov.
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THE ARISING OF ELECTRIC DISCHARGE ARCS
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Abstract: From the viewpoint of electric arcs, electric contacts are systematized due to their mechanic and electric operations in this paper. During the
contact operation, drawn and discharging arcs or other discharging phenomena can occur depending on load currents. The difference between the
drawn arcs and the discharging arcs is also shown. Further on, the phenomenon of the arising of the discharging arcs from corona is discussed by
analyzing this phenomenon through the authors’ mathematical model. This model calculates an electron average kinetic energy obtained by its movement
along its mean free path in the non-homogeneous electric field between two spherical electrodes. The excitation energy of a gas molecule produced by
the electron impact is compared with the first ionization energy and with the dissociation energy of the gas molecule, and the carry-on electron kinetic
energy is determined. The displacement current is introduced into the model in the case of the alternating electric field, and its active and reactive
component are established due to a complex value of the relative permittivity of the gas. The active component of the displacement current is in the phase
with the electric field intensity, and causes the excitation energy in the gas molecules. Ranges of highly ionized, partly ionized and non-ionized molecules
are founded in the whole volume. At the end some conclusions are made by comparison of a breakdown voltage obtained by the mathematical model with
Paschen’s voltage and the measuring result of the discharging arc is also introduced.

Nastanek elektricnih razelektritvenih oblokov

Kjuéne besede: razelektritveni oblok, korona, poljski tok, vzbujevalna energija, ionizacija plinov.

lzvleéek: S stalisca elektricnih oblokov so vtem ¢lanku elektriéni kontakti sistematizirani glede na njihovo mehansko in elekri¢no delovanje. Med delovan-
jem kontakta lahko nastanejo potegnjeni in razelektritveni obloki ali druge oblike razelektritve, kar je v glavhem odvisno od bremenskega toka. Prikazana
je tudi razlika med potegnjenimi in razelektritvenimi obloki. Nadalje je obravnavan nastanek razelektritvenih oblokov iz korone z analiziranjem tega pojava s
pomocjo matematicnega modela avtorjev ¢lanka. Model izracunava povprec¢no kineti¢no energijo elektrona, ki jo doseze s preletom svoje srednje proste
poti v nehomogenem elektricnem polju med dvema kroglastima elektrodama. Vzbujevalna energija plinske molekule, ki jo povzroca sila trka elektrona, je
primerjana s prvo ionizacijsko energijo in z disociacijsko energijo plinske molekule, obenem je izracunana preostala energija elektrona, ki jo prenese na
naslednji trk. Za primer izmeni¢nega elektricnega polja je v modelu dolo¢en poljski tok in ugotovljeni sta njegova delovna in jalova komponenta glede na
kompleksno vrednost relativne dielektricnosti plina. Delovna komponenta je v fazi z elektri¢no poljsko jakostjo in povzroc¢a vzbujevalno energijo v plinskih
molekulah. V prostoru so ugotovljena obmocja z visoko vsebnostjo ioniziranih molekul, z delno vsebnostjo ioniziranih molekul in obmocje brez ionizacije.
Na koncu so podani nekateri zakljucki s pomocjo primerjave prebojne napetosti, dobljene z matemati¢nim modelom in Paschenovo napetostjo. Podan je
tudi rezultat meritve razelektritvenega obloka.

permanent contacts have contact members that are touch-
ing and the connection is not time-depended. While the
axial switching contacts, when holding, are steady, the slid-

1. Introduction

Dealing with electric arcs as phenomena occurring be-

tween electric contacts, we have to classify the electric
contacts according to their mechanic and electric opera-
tion. Due to the mechanic operation, the electric contacts
are axial switching contacts and sliding contacts. The axial
switching contacts have contact members that move in
perpendicular direction to contact surface when changing
their position. But, with the sliding contacts, their mem-
bers move along the contact surface that means the paral-
lel moving of both contact surfaces. Due to the electric
operation, the electric contacts are making, breaking and
holding or permanent. The making contacts establish the
electric connection between their members and electric
discharge mainly occurs due electric charged capacitance
in a circuitry and especially due to a bouncing phenome-
non of the making contact members when they close. This
paper is not going to deal with that kind of discharges. The
breaking electric contacts disconnect the electric circuit
and when the contact members are separating from each
other, a gap opens between them. In the gap between the
contact members, drawn and discharging arcs or other
discharging phenomena can occur. The holding or the
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ing contacts are either steady or slipping. The drawn arcs
can occur also with the sliding contacts, although they are
permanent, such as slip rings, because the microscopic
gap between the contact members varies due to the rough-
ness, contamination and damages of the surfaces of both
contact members /1/. This paper deals with the discharg-
ing arcs, which are stable or unstable since the drawn arcs
are discussed in other papers /1/, /2/. The difference
between the drawn arc and the discharging arc is in the
time-depended electric current flow through the medium
between the contact members when separated. The elec-
tric current flow is continuous with the drawn arc and de-
creases with its length. The medium is the ionized vapour
of the cathode and the anode materials. But, with the dis-
charging arc, the current between the separating contact
members instantly falls towards zero value, a transient volt-
age appears due to time derivative of the current, which
extends to a breakdown voltage value of the neighbouring
gas medium - Fig. 1.
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Fig. 1: The principle electric discharge Ul
characteristics; the discharge current is relative
to the infimum arc current.

The medium is an existing gas in the surrounding space.
When the breakdown voltage of the gas is exceeded by
the transient voltage, the electric breakdown of the insu-
lating gas occurs, the electric current increases. What kind
of discharge follows, depends on the current through the
gas: the dark discharge, the glow discharge or the dis-
charging arc. The later one is either the stable or the un-
stable arc. Nevertheless, which arc occurs, it arises from
the ionized gas molecules. If there is no existing gas in the
surrounding space of the contacts, the discharging arc
begins by the ionization of the cathode material vapour.
This kind of arcs is vacuum arcs.

Therefore the mathematical model of a spark gap of two
spherical electrodes was developed to study the electric
field and the ionizing process in the gap. The spherical
electrodes were an approximation of the contact members
(rivets) with the gap between them when breaking an elec-
tric circuit load. The electric load was an inductance-ca-
pacitance parallel circuit with a resistance in the inductive
branch. The response of the circuit on the breaking ma-
noeuvre was the damped oscillation at the series resonance
of the circuit. This circuit represents an air coil in the most
simplified way.

2. The mathematical model of a spark
gap of two spherical electrodes

The mathematical model is based on two spherical elec-
trodes with the same radius rp and separated by the dis-
tance dsyr between their surfaces. An anode is positively
charged and a cathode has a negative charge by the same
absolute amount of charge. The cathode is earthed so that
there is a positive charge flow from the cathode to the earth.
Due to the mutual influence of the anode and the cathode
charges, the equivalent point charges of the anode and
the cathode lie in the eccentric positions in the relevant
spheres - Fig. 2. The mathematical model is solved in two
dimensional space because the electric field is rotary sym-

metrical. The eccentric positions of the equivalent point
charges are defined by eccentric radius recc as it is de-
fined in this paper and shown in Fig. 2, and further on, the
eccentric position of the cathode equivalent point charge
is the zero point of the coordinate system. A potential of
any point T(r,¢) = T(r,r2) in the space is an algebraic sum of
the partial potentials caused by the anode and the cathode
charges since the potential is scalar value. It is defined by
the following equation in the bi-radial coordinates /4/:

Ulr.r, )= Q. [—l+ij (1)

cathode

Fig. 2: The geometrical drawing of the cathode, the
anode and the distances between them in r-@
coordinate system.
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since the cathode is earthed, its surface potential is de-
fined as zero:

r=r,, A 0=0 = U=0 (3)
Between the anode and the cathode a certain voltage is
applied, therefore the anode-cathode voltage is introduced
instead of the anode and the cathode charges by using
Eqg. (2) under the following condition:

r=r,+td, A~ ¢=0 =
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Hence, the voltage of any point in the space is:
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The electric field intensity is:

E= —grad(U(r,(p ))=

_ _(f_dU(w)@p _dU(mp)j 6)
dr r-de

The radial component of the vector of the electric field in-
tensity is:

+

r=Q-r, +d, ) cosp (7
3
((2 v +d, Y+ =2-Qr, +d, )r- cos(p)E

and its angular component is:
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sur
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To establish the eccentric radius recc as it is defined in Fig.
2, the mathematic inversion on the sphere with the radius
of ro (known as Kelvin’s transformation also) is used and
the following result is obtained:

_ d.mr r()
I’m—T( 1+4~d——1J (9)

sur

The shortest field line between the spherical electrodes of
the opposite charges is the shortest surface-to-surface
distance between the spheres. In this case the angle ¢ is
zero. The vector of electric field intensity has only radial
component since the angular component is zero. Hereaf-
ter the mathematical model deals with the electric field and
the phenomena associated with it in this particular direc-
tion. Therefore, the radial coordinate in this direction is
named as ry - radius in the x-direction. Hence the vector
of the electric field intensity between the cathode and the
anode is:

E=E(@)=-1-E() (10)
where E(ry) is its absolute value:

r 7
E =U .—ec<.|] ecc |,
()= U, [+d j

sur

(fr, (11)
i@, +d, -rn)

The average velocity of an electron is according to Eq. (8)
in literature /1/ as follows:

m 1) (12)
v = —_— T
e_avg Vng CZ

According to the same equation the average velocity of an
air gas molecule (O2 or Ny) is established by substitution
of the electron kinetic energy and mass by the molecule
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kinetic energy and mass in Eq. (12), so that the molecule
velocity is:

v _ mm + i B (13)
m_avg ka cz
where the kinetic energy of the gas molecule is /6/:
3
Wy =75 kT (14)

The mean free path of the electron up to collision with the
gas molecule is derived from /5/:

R-T

2
V ,
\/1+r;avg .n.dZ.NA.p (15)

e_avg

A=

where the quantity d is:
d=r+r, (16)

The average kinetic energy of the electron travelling along
the mean free path is:

Wy =e E@)A (17)

because the electric field intensity and the mean free path
are co-linear vectors.

When the electron collided with the gas molecule, its ki-
netic energy is transferred to the molecule by impact as
excitation energy of the molecule:

w._ =W

wn = W (18)
Following the direction of the cathode-anode gap towards
the centre of the gap, these phenomena can occur: the
ionization and the recombination of the gas molecules, the
dissociation of the gas molecules, and further on, simply
no effects on the gas molecules occur by their collision
with the electrons. From the gap centre towards the ano-
de these phenomena occur in reverse order. Which phe-
nomenon takes place, and which do not, depends on the
kinetic energy of the electrons, which means it depends
on the excitation energy of the molecule, as it is defined
by Eq. (18).

Due to the decreasing function of the electric field intensi-
ty depending on the radius in the range from the cathode
to the gap centre, it is established, that there are four pos-
sible kinds of collisions with respect to the excitation ener-
gy of the molecules along the path between the cathode
and the anode as follows:

1. Adjoining the ionization of the gas molecules, the in-
verse process also takes place. The probability of the
ionization is P; = 50 % and the probability of the re-
combination is (1 - P;) = 50 %. The excitation energy
of the molecule is:

W._>W. (19)

When this electron collides with the gas particle, there

are two possible reactions:

a. If the gas particle is the molecule, the ioniza-
tion of it takes place. The collision is partly ine-
lastic, and it consumes the ionization energy and
the additional electron is emitted from the mole-
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cule. After the collision, the average kinetic en-
ergy per electron of these two electrons, that is
of the one colliding and the one emitted, is:

W —W
—_em i p (20)

ek _on i

and it is carried on by each electron to the next
collision. After each of them has passed the next
mean free path it gets the additional kinetic ener-
gy defined by Eq. (17).

b. Ifthe gas particle is the ion in the neighbourhood
of the cathode and the anode, the recombina-
tion occurs. The collision is totally inelastic, and
it consumes the whole kinetic energy of the elec-
tron. The excitation energy of the recombined
molecule is thermal energy and causes the mol-
ecule tem-perature rise above the ambient tem-
perature for the increment:

AT:%'G—PZ)G_K) 1)

So far the average temperature of the gas in the
neighbourhood of the cathode and the anode
rises and the temperature of the each electrode
increases too, when the molecules bump at it.
The parameter K=99.8% in Eq. (21) defines the
percentage of the excitation energy, conveyed
and conducted to the cathode and the anode,
and further on, to the ambient as a natural or a
forced cooling of both electrodes. Due to the tem-
perature increment of Eq. (21), the average ki-
netic energy of the gas molecules increases ac-
cording to Eq. (14), and so the average mole-
cule velocity does according to Eq. (13). The re-
calculation process is convergent.

2. With the increasing radius, the electric field intensity
decreases - Eqg. (11), and the excitation energy of
the molecule also decreases to such extend that:

w, >W, =W (22)

ion exm diss
In this case, the excitation energy of the gas mole-
cule causes the dissociation of the two-atom mole-
cule into two gas at-oms. This collision is partly ine-
lastic and it consumes the dissociation energy. The
remaining kinetic energy of the colliding electron is
carried on by the same electron:

VVek _on = VVexm - Wdiss (23)

and further on, it increases because the electron pass-
es the next mean free path before the next collision -
Eq. (17).

3. If the excitation energy of the molecule is lower than
the dissociation energy of the gas molecule:

W, >W (24)

diss exm
the colliding electron has no effect on the gas mole-
cule. The kinetic energy of the electron is carried on
to the next collision because the collision is elastic:

VVck70n = VI/ck (25)

The ionization-recombination collisions take place near
the cathode, the dissociation collisions are next to them

in the direction of increasing radius towards the gap centre
and further on, there are the no-effect collisions, and fol-
lows in the reverse order towards the anode.

Although there is a sequence of these phenomena, we
could not consider there are any pure ranges such as an
ionization-recombination range, a dissociation range and
a no-effect range. But very near to the each electrode there
is a highly ionized range because the electrons in this
range have very high kinetic energy and nearly every colli-
sion causes such excitation energy in the molecule that its
ionization occurs. Next to this range is a partly ionized
range up to the point where no ionization occurs. At this
point a non-ionized range begins and lies around the
gap centre - Fig. 3.

highly ionized range

anode

cathode

non-ionized range

partly ionized range

Fig. 3: The ranges of the arising discharge due to
switch off manoeuvre in the electric circuit in
Fig. 4 at the input-output quantities in Tab. 1 for
oxygen molecules as simulated by the model.

In the highly ionized range, the ionization-recombination
collisions take place mainly. In the partly ionized range,
both the ionization-recombination and the dissociation
collisions occur. Further on, in the non-ionized range, there
are no ionization collisions, but the dissociation collisions
and the no-effect collisions take action. This is the most
general situation in the cathode-anode gap and in this case
there is no electric breakdown through the cathode-an-
ode gap. If the non-ionized range is not present in this gap
along the shortest field line due to the high values of the
electric field intensity (caused by the high anode-cathode
voltage) and at least the partly ionized ranges come to-
gether from the cathode and the anode side, the electric
breakdown occurs and electric discharge takes action
through a stable or unstable arc, or as a glow discharge
with a self-maintaining current.

There were some simplifications made during this model-
ling process:

1. When deriving Egs (12) and (13), the following rela-
tions were presumed:

Ve avg
0< =2 «<1
C
Voo (26)
0< 2= <<
C
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2. The rest and the actual masses of the electron and
the gas molecule correspond to:

m, << m,
3. The ionizations and the recombinations take place in

the same range that is in the highly ionized and in the
partly ionized range, which lies by the both electrodes.

(27)

Knowing the electric field intensity at the cathode surface
at ¢ = 0 and its temperature, the following conductive cur-
rent densities are calculated: the current density of the
field emission and the current density of the thermionic
emission. Both of them are the active current densities.

The current density of the field emission is calculated by
the Fowler - Nordheim equation /1/:

.‘ <32 P
2 *2 78»1!11 Z-rn(,-e.Va,k/ A 8-m,-e” e -2

€ E 34 £ 3he,

Ji = _ 2
e Ve (28)

m

e

Possible thin insulation of the cathode and the roughness
of the cathode surface effect the electric field intensity,
the work function and the effective electron mass /1/.
Therefore the following substitutions must be considered
in Eq. (28) to descride exploatation condition of the cath-
ode:

. Ve
V¢K— & v=5
v
(29)
* m
m, =—= & u=S5
u

but the values of these coefficients were presumed in the
model.

The current density of the thermionic emission is defined
according to /5/ as:

e Ve eBE
. 4mem, ek T v arne
]TzT.TKZ.e”[ 4 ] (30)
The direct electric field was dealt with up to this point. If an
alternating electric field is applied, a displacement current
occurs, which has the following properties essential to
establish the mathematical model of electric discharge:

- The displacement current could be measured inside
the gas gap between the cathode and the anode.

- There are no current carriers (electrons and ions) in
the gap due to this phenomenon.

- There is no rise in electric field intensity due to this
phenomenon, so the field emission of the electrons
is unchanged.

- This current causes no heat dissipation on the cath-
ode surface, therefore there is no rise in tempera-
ture, and further on, there is no rise in the thermionic
emission of electrons due to this phenomenon.
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- The active component of this current causes the ex-
citation of the two-atom gas molecules and further on
the ionization and the dissociation of these molecules.

- The reactive component of this current causes that
the electric energy is stored in the capacitance.

- Consequently to the ionization of the gas molecules,
the recombination of the gas ions occurs, the ther-
mal energy of the recombined gas molecules increas-
es, but this rise is the effect of the recombination proc-
ess, and not the effect of the displacement current.

The displacement current is defined in general by its den-
sity /4/ as:

j[) ¢ g, dE(rx,t)

dt

The displacement current is complex current density (rep-
resented by a phasor) through the capacitance between
the cathode and the anode. The relative permittivity €, is
complex scalar quantity defined by its absolute value e,
and by losses angle d as follows:

g =¢,e" (32)
Further on, the absolute value of the active displacement
current is:

(31)

dE (1),
dt
and it is the one that causes the excitation of the mole-
cules and the phasor of this current density is co-linear
with the phasor of the electric field intensity - Fig. 5, so as
the phasors of the field and the thermionic emission cur-

rent densities.

sin & (33),

jDactzsr'SO.

The reactive displacement current is capacitive current and

its absolute value is as follows:

dE (rx 1)
t

jDreaL‘ =8)“80 .T-COSS (34’)

Therefore the absolute value of the apparent displacement
current density is:
. dE(r.,t

Jpapp =&, "€o %) (35)
The damping sinusoidal anode-cathode voltage /7/, which
is the response of the circuit in Fig. 4 on the switch off
manoeuvre, is applied, and hereby the electric field inten-
sity has the same shape and frequency as the anode-cath-
ode voltage:

o ()= -Ug-e ™ @9 4y, (36)

A phase angle { due to Uc(0) and /.(0) and a phase angle
£dueto xand w are equal because the inductance and
the capacitance in Fig. 4 have no losses, otherwise the
angle {is smaller then the angle &.

The electric field intensity is according to Eq. (11) equal:

r r
E(r.,t)=R Amct Llece | ] 4 —ece |
(r,1)=Re (i, (1)) 5 ( " J

sur

L 1 (37)
}’}2 (2 ' rL’L‘(Y + dSll}" - rX )2
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A switching off
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Fig. 4: The electric circuit switched off by the breaking
contact.

The time derivative of the anode-cathode voltage is:
—d”j;t @ _ Up-Jo? +@? e et ) (38)
Using Egs (32), (87) and (38) the phasor of the displace-
ment current density is obtained:
JoO)=J, e et (39)
and further on, its apparent value is:

. du, (1) \r,. r
r,t)=¢ -g,-Re| —2&~= | .| ] ecc |
./Dapp(x ) r 0 ( dt ) 2 [ d j

sur

1 N 1 (40)
rn @, +d,-n)

Hereafter the shorter format of the following functions is
used:

E=E(r,t)
dE _ dE(.0) (a1)
dt dt

Fig. 5:  The principle phasor diagram att =0 and ¢ = O;
not in the scale, because the angles are very

small: § = & = 0.0055 and § = 0.00016 radians.

Because the active displacement current causes the exci-
tation of the molecule in the volume between the cathode
and the anode, the active displacement energy is the inte-
gral of the scalar product of the phasors of the active dis-
placement current and the electric field intensity through-

out the volume. Hence, the cosine function of the angle
between two phasors is applied, and it is equal to sine
function of the complementary angle. So the excitation
energy of one molecule in the volume, containing Ny, gas
molecules, due to the displacement current density is:

CE-dV-dt =

=

Dact

- <.
S

=
fe
=

- =|-

I
=
O'—.. ~ O'—.. ~ O'—.’ ~

<
N

.[ngpp -E-sind -dV -dt =
)

<
.
<

(42)

2|_

r

~d—E-Elsin84dV4dt
dt

=
[¢2}
m
(=]

3

Supposing the electric field is homogeneous in the vol-
ume V, which contains Nn, gas molecules. The displace-
ment energy in this volume is homogeneous also, which
means that its density is equal in the gas molecules them-
selves and in the hollow volume around them. The displace-
ment energy in the gas molecules causes the excitation of
the molecules, so this part of the displacement energy is
active. The displacement energy in the hollow volume is
reactive. To obtain the homogeneous electric field, the
smallest volume V = V(1) has to be taken, and this is such
one that contains only one gas molecule under the con-
stant thermodynamic conditions of the gas. Hence, this
volume must be the greatest one to be equally distributed
among all N, gas molecules. Further on, the active dis-
placement energy of one molecule is defined under the
following condition Vp, << V(1) by:

W, = lim Lij I e,-eo-@~E~sin5~dV~dt]:
V(Ny) = V(1 m 0 V(N,) dt
f dE
=[[[le, €, -E-siné-dV dt=
e, s

:_[_U,[Sr' €, .%.E.d[/.dt:_[jnw E-V, -dt

Taking into account Egs (17), (20), (23) and (25), the elec-
tron kinetic energy just before the collision with the gas
molecule is:

W,=e E-A+W,

ek _on

(44)

This equation forms the calculation loop with Eqg. (12), but
the mathematical process converges, and the result uni-
formly exists.

The mathematical model of the electric discharge in gases
has to take into account both, the kinetic energy of the
electrons and the energy of the displacement current. The
electron kinetic energy is partly transferred to the gas mol-
ecule by the electron impact, and causes the ionization or
the dissociation, discussed heretofore. In this case, the
ionization is considered as the impact ionization although
it is more probable that the ionization is done through the
excitation of the gas molecule on its higher energy level
/5/. The dissociation of the two-atom molecule just can-
not be carried out directly by the electron impact due to
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the large difference of the electron mass and the dissoci-
ated atom mass - Eq. (27). The dissociation is completed
by the excitation energy of the two-atoms molecule due to
the impact energy when raised in such extend that the dis-
sociation energy level is achieved. This is the dissociation
due to the conductive current. The displacement current
energy also affects the gas molecules, and also causes
their ionization and their dissociation. Because it has no
carriers, the ionization and the dissociation are caused by
the excitation of the gas molecule with no impact, but only
due to the displacement current. All these processes: the
impact ionization, the dissociation due to the conductive
current, the ionization and the dissociation due to the dis-
placement current have the same mechanism of being
completed - the excitation of the molecule on its higher
energy level, and afterwards the accomplishment of the
process. Therefore the kinetic energy Eq. (44) and the
displacement energy Eq. (43) are summarized in the exci-
tation energy of the gas molecule, which is the active en-
ergy:

Wi Gt TS W s Wi, )= €+ Er ) M(T) +
W on W W )+

+Is,, €, dE(r"t) E,,t)-V, -dt

0

(45)

This equation is in the calculation loop with Eq. (18) but
the calculation converges.

The excitation energy is calculated by Eq. (45), and the
minimal value of the excitation energy is graphically repre-
sented by the diagram in Fig. 6. The minimal value of the
excitation energy is the one without the carry-on kinetic
energy of the colliding electron. The gas used in this cal-
culation is oxygen. The highly ionized range begins close-
ly to the electrode and ends where the minimal value of
the excitation energy decrease under the value of the ion-
ization energy. The number of the ionized molecules is
constant due to the radius and its level is hundred percent
of molecules. This range comes out as corona. Closely to
it, the partly ionized range begins where the minimal value
of the excitation energy is lower than the ionization energy
and higher than the dissociation energy, but the carried-
on kinetic energy raises the excitation energy on a higher
energy level than the ionization energy. It ends where the
minimal value of the excitation energy decreases under
the dissociation energy because the carried-on kinetic
energy is not sufficient to raise the excitation energy on
the ionization energy level. The number of the ionized
molecules decreases to zero. The number of dissociated
two-atom molecules increases up to hundred percent lev-
el. In the non-ionized range, where the minimal value of
the excitation energy is under the value of the dissociation
energy and the carried-on kinetic energy raises the excita-
tion energy up to the dissociation energy level. The number
of the dissociated molecules decreases, but the number
of the unaffected molecules increases with the radius near
centre of the cathode-anode gap.
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If the anode-cathode voltage increases, the non-ionized
range in Fig. 3 narrows, and the partly ionized range from
the cathode side touches the partly ionized range from the
anode side, and the ionized path between the electrodes
arises, the electric breakdown occurs and the electric dis-
charge arc takes place. Consequently the definition range
of the percentage of unaffected molecules, which is on
the abscise of the diagram in Fig. 6, limits to zero, and the
percentage of the ionized molecules is above zero through-
out the whole abscise range. This change in the mathe-
matic functions of the percentage of the ionized and of the
unaffected molecules means the establishment of the ion-
ized path between the electrodes.

3.0E-18 ‘ ‘
\ % of dissociated /

25618 100%
/‘\_/’\
20618 ot =A== e N1 80%
/ Wion

1.5E-18 60%

Percentage of molecu les density

Minimal excitafion energy - W, .., W/molecule]

1.0E-18 exm_mn 40%

5.0E-19 % of ionizided % of ionizided 20%
% of unaffected r

0.0E+00 m t 0%

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.001

Distance from surface of spherical cathode - ( r-r ecc) [m]

Fig. 6: The minimal excitation energy of the oxygen
molecule versus the distance from surface of
the cathode to any point at ¢ = 0 towards the
anode, and the percentage of the oxygen
molecules density at the input-output quantities
in Tab. 1.

The simulation was carried out with the spherical cathode
and anode with the radii of 0.5 mm, and with the surface-
to-surface distance of 1 mm between them. The excita-
tion energy in comparison with the first ionization, and with
the dissociation energy of the oxygen molecule, and fur-
ther on, the density of the ionized, the dissociated and the
unaffected oxygen molecules are shown in Fig. 6. The in-
put and output quantities of the spark gap discharge mod-
el are numerically stated in Tab. 1.

When discussing the electrical breaking contact, its con-
tact members are the electrodes. The distance between
them increases from zero, when the breaking contact still
holds the closed position, up to the maximum value. In the
model, the distance of 1 mm is used because the Paschen
law minimum is being avoided. The Paschen law is de-
scribed by the family of functions of the breakdown volt-
age of the spark gap depending on the product of the gap
length and the gas pressure, but the functions differ by the
chemical composition of the gas medium in the gap. These
functions have minima: 450 Vat 9.2 ym with oxygen, 251 V
at 8.8 ym with nitrogen, and 327 at 7.5 ym with air at the
same pressure 101.325 kPa in all three cases /8/. At the
distances lower than the ones of the minima, the break-
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Tab. 1: The input-output table of the spark gap
discharge model of oxygen and nitrogen
molecules at the same environmental
conditions; the variables of the functions are (r, @, t).

medium 02 N2
cathode Ag Ag
Wo, 1955  |2.464 S‘;/ ol
Wass 0816 [1.266 2;’ oo
ro 0.500 “— [mm]
dsur 1.000 «— [mm]
Tamp 293.15 «— K]
p 101.325 «— [kPa]
U, 220 «— \Y|
R 3.75 «— kY
L 11.0 «— [H]
C 9.0 «— [PF]
b 17.0 — [us]
Uy (to) 10.126 «— [kV]
Jpact (Fece, 0,10)  1.49 1.21 [MA/m?]
Joreac (Fece, 0, o) 9.55 — [A/nf]
(e + j)@(recc, 0,10) 6.78 - [A/rf]
dE/dt (fecc, 0, 1) 1.08 «— [TV/m/s]
E (feos 0,%) 203 - IMV/m]
E (recct dsur/ 2, 0,f) 6.75 «— [MV/m]
T 467 531 K]
dyiss 5 0.11 0.07 [mm]
dion e 0.39 0.17 [mm]
nor-ionizied gap 0.22 0.66 [mm]
non—ior\llizliteac?ge;;; 1.51 5.16 [kV]
ionized 38% 21%
dissodated 61% 63%
unaffected 1% 16%

down voltages are higher than minimal voltages, and with
the distances above, the breakdown voltage increases
nearly linearly; greater the distance is, more linear the func-
tion of the breakdown voltage is. Hence the cathode-an-
ode distance of 1 mm is used in modelling the spark gap
phenomena. The Paschen law is also explained by this
model: there is a cathode-anode distance at which the
majority of the electrons do not achieve enough kinetic
energy by moving along the electric field lines to ionize the
gas molecules by their impact; and when this cathode-an-
ode distance shortens, it is comparable with the mean free
path of the electron, and therefore there is a very small

number of impacts; further on the electric field intensity
has to be increased, and hence the anode-cathode volt-
age, to obtain such electron kinetic energy to excite the
gas molecules up to ionized state. The increased anode-
cathode voltage is needed with the cathode-anode dis-
tance decreased under the certain value, which defines
the minimum of Paschen’s voltage function. But, this phe-
nomenon is not incorporated in the model because it is no
need to be included with the spherical electrodes. The
electric field lines between two opposite charged spheri-
cal electrodes arise from the anode and sink at the cath-
ode, virtually as their eccentric points are charged. The
length of the electric field lines vary from the value of the
electrodes surface-to-surface distance to the infinite value
and depends on the angular coordinate ¢, as it is defined
in Fig. 2.

longer field line
ionized path

cathode 1-' =~ anode

surface-to-surface
non-ionized path

Fig. 7:  The formation of the ionized path at the very
narrow electrodes surface-to-surface distance.

If the electrodes surface-to-surface distance is too small
to establish the electric breakdown, the ionized path is
formed along the other longer electric field line - Fig. 7.
Hence, dealing with the spherical electrodes, the break-
down voltage and its corresponding path length are always
equal or greater then their respective values of the Paschen
voltage minimum.

3. The electric arc measurements

The measurement of the discharging arc was carried out,
when the air coil, represented by the equivalent electric
circuit of the conceptual concentrated electric elements
in Fig. 4, was switched off by the breaking contacts of sil-
ver. The infimum arc voltage of silver is 12 V and its infi-
mum arc current is 400 mA /9/. The load current was
60 mA, so the drawn arc was unable to be established
/1/. The discharging arc began at the instant of 2.4 ms as
shown in Figs 8 and 9 when the current dropped towards
zero as seen on the oscilogram in Fig. 9.

The time derivative of the current induced the overvoltage,
which caused the electric breakdown and the discharging
arc was ignited. The arc voltage was 270 V at the begin-
ning and 440 V at the end. Its duration was 2.4 ms.
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Fig. 8: The discharging arc voltage breaking the
inductive load represented by RLC circuit in Fig.
4 and Tab. 1 at the voltage scale 200 V/div. and
at time scale 1 ms/div.

Fig. 9: The discharging arc current breaking the
inductive load represented by RLC circuit in Fig.
4 and Tab. 1 at the current scale 20 mA/div.
and at time scale 1 ms/div.

To compare the discharging arc with the drawn arc, the
latter one was measured too.

The electric contact under the measurement was the com-
mutator sliding contact with the brush of carbon and the
commutator bar of copper. In this combination, the car-
bon infimum arc voltage prevails over the copper one, but
the contrary is with the infimum arc current /1/. The infi-
mum arc voltage of carbon is 20 V and its infimum arc cur-
rentis 30 mA, and 13 V and 430 mA respectively for cop-
per /9/. The drawn arc ignited at the instant of 24 ps as
shown in Fig. 10. The arc voltage was around 20 V through-
out the arc duration, and the current was continuous at the
instant of ignition. The load was inductive since it was a dc
commutator motor. The sliding contact was moving from
holding to breaking operation during the arc, which is seen
at the end of the drawn arc as a slight overvoltage.
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Fig. 10: The drawn arc voltage (upper diagram) and
current (lower diagram) of a sliding contact of
a commutator with an inductive load at the
voltage scale 20 V/div. and the current scale
0.5 A/div. and at time scale 20 us/div.

The differences between the discharging and the drawn
arcs are clearly seen by the comparison of the oscilograms
and the data of both arcs including the contact material
properties concerning arcs.

4. Conclusions

Understanding the process of the discharging arc ignition

and of the drawn arc also /1/, the arc avoiding and the arc

extinguishing methods are established and same old meth-

ods are proved to be effective. Some of them are follow-

ing:

- avoiding the discharging arcs by electric contacts in
vacuum because there are no medium to be ionized;

- avoiding the discharging arcs and the drawn arcs also
by the wetted electric contacts, which enable wider
initial contacts gaps than solid contacts;

- avoiding the discharging and the drawn arcs by ca-
pacitance parallel to inductive loads to minimize the
displacement current and the peak value of the over-
voltage;

- avoiding the discharging and the drawn arcs by ca-
pacitance parallel to the electric contacts to bypass
the contact current;

- extinguishing the discharging and the drawn arcs by
the application of magnetic field perpendicular to the
electric field lines in the contact gap to lengthen the
path of the electron flow.
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There is also the principle of avoiding the drawn arcs, which
works effectively just with this kind of arcs, and it is based
on the right selection of contact materials /1/, /2/.

5. Used symbols

The symbols used with complex scalars, phasors and vec-
tors of appropriate quantities:

a,A complex scalara, 4

a, A phasor a, A

a, A vector a, 4

a. A absolute value a, 4 — dc or peak; small

letter is instantaneous value

The symbols used with quantities:

angular unit vector

[ e»—tl

radial unit vector

~

—

radial unit vector at@ =0

=

damping factor of series RLC circuit
enhancement factor of electric field
intensity

losses angle

™= R

permittivity of the dielectric substance
permittivity of vacuum

dielectric constant

phase angle due to U(0) and 7;(0)
square root of (-1)

electron mean free path

SR A R I B eY

factor between rest and effective
electron mass

phase angle due to o and
decreasing factor of work function
angular coordinate

£ 8 c v

natural resonant frequency of series

RLC circuit

c ... light velocity in vacuum

C ... capacitance

dyss 5 ... electrode surface to begining pointof
dissociation

dion g ... electrode surface to ending point of
1onization

d ... electrodes surface-to-surface distance

elementary charge

E ... electric field intensity (also
instantaneous value)

Q

E, angular component of electric field
intensity

E, ... radial component ofelectric field
intensity

JDact
JDapp
jDreac

JE

Jr

Jp

T, amb

uOtK

Uc

enhanced electric field intensity
exponential function

Planck constant

inductance current at¢= 0
displacement current density
(instantaneous value)

active displacementcurrent density
(instantaneous value)

apparent displacement current density
(instantaneous value)

reactive displacementcurrent density
(instantaneous value)

current density due to cold emission
(instantaneous value, conductive
current)

current density due to thermionic
emission (instantaneous value,
conductive current)

displacement current density (peak
value)

Boltzmann constant

coefficient of conveyed and conducted
thermal energy

inductance

rest electron mass

effective electron mass

rest molecule mass

Avogadro number

number of molecule

gas pressure

ionization probability

electric point charge

radial coordinate

radial coordinate from anode eccentric
point

electrode radius

eccentric electrode radius

radial coordinate at@ =0

resistance

general gaseous constantin Eq. (15)

real component of compex scalar or
phasor

time

time of observation in Tab. 1
gas temperature

cathode temperatrure
ambient temperature

anode-cathode voltage (ac,
instantaneous value)

capacitance voltage (ac instantancous
value)

voltage, potential (dc)

anode-cathode voltage (dc or peak
value)
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Uc ... capacitance voltage(dc or peak value)

Uc(0) ... capacitance voltage atz =0

U, ... dc generator voltage

Ve ... instantelectron velocity

Vi ... instant molecule velocity

Veag .. average electron velocity

Vi ag - average molecule velocity

V ... volume

Vo ... work function voltage

Vo ... decreaced work function voltage

Vo ... molecule volume

V(N,) .. volume of N, moleculesunder the same
thermodynamic conditions

W iss ... dissociation energy per molecule

W ek ... electron kinetic energy

Weon ... electron carried-on kinetic energy

W som ... molecule excitation energy

Wion ... energy of 1¥ ionization per molecule

W ok ... molecule kinetic energy
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Abstract: Mobile phones and mobile access to internet are creating new space for challenges and ideas in companies business. And today’s electronic
revolution in electronic payments is promising even more mobile involvements in money. Mobile phones are far from just a device for communication with
other people. They are overtaking functionalities of camera, personal computers, media players and others devices. But most of all mobile phones are
also used for mobile payments. Because of great inquiry for mobile payments, different technologies were developed. Company named Ultra d.o.o. has
developed new mobile transaction system. Data transmission is transmitted over the speech channel of different mobile communication systems such as
GSM, CDMA and UMTS. Ultra d.o.o. has already obtained two international patents for this type of transmission. The basis of this mobile transaction
system is voice-coded data transmission between the transaction authorization processing centre and the terminal.

The system is generally designed for two types of terminals; the mPOS and aPOS, which are meant for different applications. The terminal is a device
which works similarly like a POS terminals.

In today’s world there are increasing demands for mobile transaction systems that would enable a palette of services, portable, light, small, ergonomically
designed and enabling different transaction technologies, all in one device. Demands like that have brought to new terminal concept, which we describe
in this article. The main aim of the article is to present the transfer procedure form idea to practical realization and inside of this the technical evolution of
electronic device-terminal which is a crucial part of the invented transaction system.

Mobilno placevanje - razvoj sodobnega terminala

Kjuéne besede: Mobilno placevanje, GSM, POS, terminal

lzvle€ek: Mobilni telefon postaja nepogresljiv del vsakdanjih opravil. V povezavi z drugimi tehnologijami prevzema tudi funkcionalnosti drugih naprav, na
primer fotoaparata, dlanénika, mp3 predvajalnika... Vse moc¢nejsi trend mobilnih telefonov postaja uporaba mobilnega telefona za placevanje. S porastom
zanimanja za mobilna plac¢evanja so se in se $e vedno razvijajo najrazli¢nejSe tehnologije, ki omogoc¢ajo hitro, enostavno in prijazno mobilno plac¢evanje.

Podjetje Ultra d.o.o. je razvila lastno tehnologijo mobilnega pla¢evanija, ki temelji na osnovi prenosa zvokovno moduliranih podatkov po govornem kanalu
razliénih mobilnih omrezij. Glede na razli¢ne placilne storitve in uporabo, sta se razvila dva tipa terminalov in sicer aPOS ter mPOS.

V sodobnem ¢asu se kazejo ¢edalje vecje zahteve po POS napravah, ki bi omogocale siroko paleto najrazlicnejsih servisnih storitev. Zraven tega morajo

biti Se prenosne, lahke, majhne, ¢im dalj ¢asa avtonomne, ergonomsko oblikovane, hkrati pa bi omogocale uporabo razlicnih tehnologij placevanja.
Taksne zahteve so pripeljale do novega razvoja terminala, ki ga opisujemo v tem ¢lanku.

H Point of Sale

1. IntrOdUCtlon (Vending Machine, Taxi, Retail Store, etc. ) T""”g‘,‘:&;z’w'“
.'/_ _\n

Mobile businesses and mobile internet access are creat- [ — ]

ing new challenges for business operations in all lines of Jorce sional Data How over

. . . . DICE SIGNAIS gy g I‘ H i

business. The present-day electronic revolution in elec- voice Ine,

tronic payments is promising an enhanced role of elec-

tronic money in modern life. Mobile phones have long ago . )

.y ] . p ) gag POS terminal Mobile Phone Mobile Network Transaction
stopped being a mere communication device, but are now Center
also assuming functions of cameras, computers, palms,
media players etc. For an increasing number of users they Fig 1:  The basic principle of system operation.

also represent a mean of payment. Due to an increasing
interest in mobile payments different technologies (SMS,
GPRS, RFID etc.) providing such services have been de-

The advantages of the mentioned payment-technology
system against others make further developing sensible.
These advantages are the following:

veloped.

. - Passive communication terminal: all transmitted and
The company Ultra d.o.o. has developed its own technol- received data travels through a speech channel of the
ogy based on data transmission through a speech chan- user's mobile phone.

nel of different mobile networks, such as GSM, CDMA and
UMTS /1/, /2/, /3/. The abovementioned mean of data
transmission is enabled by a system with two international
patents.

- The use of technology is independent of the mobile
phone standard or mobile network. All mobile phones
include the primary function of transmitting and re-
ceiving speech.
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Contemporaneity shows an increasing demand for POS
devices that would enable a wide range of different servic-
es, such as payments, deposits into pre-subscriber ac-
counts, bonus-points program etc. In addition they should
be portable, light, small, autonomous for as long as possi-
ble and ergonomically designed. Support of other payment
technologies is also needed to compete with existing ter-
minals, so that a single terminal would enable different pay-
ment technologies, which is friendlier for the users as well
as merchants, who already have too many different termi-
nals at the pay points, which causes a certain degree of
confusion. Such demands resulted in an advanced termi-
nal, described in this article.

The article first presents the development of an advanced
terminal, and development of terminal’s external design,
development of printed circuit and development of testing
technologies are presented respectively. In the following
chapter the overall functionality and the structure of the
terminal are described. Applied wireless communication
devices are presented next. Special chapters are devoted
to terminal protection as well as data transmission through
mobile network’s speech channel. As final comes a chap-
ter on the concept of the software part, which unites the
aforementioned parts of the terminal.

2. Development of the terminal

2.1 The development of the external
design

External design was developed gradually in CAD (compu-
ter-aided design) software environment /5/, /6/. The ter-
minal has to be small, portable and ergonomically designed.
It also has to take into consideration many other factors.
The basic functionality of the terminal are mobile phone
payments. Because of that the acoustic set has to be as
adapted as possible for best data transmission between
individual microphones and speakers. The design is also
defined by different card slots, connectors for outside world
connections and the size of the screen, keyboard, printer,
speaker, microphones and other major components of
printed circuit. Fig. 2 shows successive modifications of
the external design with regard to the mentioned demands.

Further development of the terminal's design takes into
consideration additional modifications that appear after the
first tests of the acoustic set of the new terminal. Acous-
tics test is done on the casing, made with stereolitography
technology. Extra deviations due to different plastic mat-
ter and accordingly different acoustic characteristic are
taken into consideration. At the same time an additional
layer of soft rubber is applied on the top casing, to prevent
mobile phones from sliding of the terminal. The develop-
ment of printed circuit was parallel to the development of
the external design of the terminal. Because of that the
external design was modified simultaneously according to
smaller or larger modifications of the printed circuit. Fig. 3
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shows the final external design of the terminal on a dock
station, which is often used with the terminal.

2.2 Development of printed circuit

The development of printed circuit was parallel to the de-
velopment of the external design of the terminal. Planning
of printed circuit was done in three software environments.
Planning of the circuit scheme was done in one software
environment, planning of PCB (Printed Circuit Board) in
another, and three-dimensional planning of the circuit and
all electronic components was done in the third CAD soft-
ware environment /5/, /6/, /7/. All three software envi-
ronments are interconnected, so that for example a change
of position of one of the electronic components in soft-
ware environment for PCB composition reflects in the
change of position in CAD software environment. This way
the entire development is done in software environments
and there is no need to create intermediary printed cir-
cuits to examine compatibility with the terminal’'s casing.

Fig 2:  Gradual development of the external design of
the terminal.

Fig. 3: The final design of the terminal with dock station
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Fig. 4: The electronic part and the printed circuit of
the terminal.

The electronic part of the terminal is roughly divided into 6
separate parts as follows (Fig. 4):

- Primary printed circuit includes:
- central processing unit,
- external memory units,
- power management circuit.

- Secondary printed circuit includes:
- screen and a keyboard
- an antenna and RFID communication circuit,
- a codec for collecting and producing sound.

- Lower printed circuit includes:
- power connector
- RJ45 connectors
- SD connector
- smart card connector, etc.

- Magnetic head for cards with a magnetic record,
- Printer

- Battery

- Speaker and microphones

With three-dimensional planning of printed circuit every
used component needs to be transferred into CAD soft-
ware environment. For some components manufacturers
provide three-dimensional information, for the rest we pro-
vided them ourselves.

A part of creating printed circuit is testing PCB /4/. Con-
sidering that all printed circuits were planned also in CAD
software environment we could also use the latter for eas-
ier planning of the testing device for PCB test. The men-
tioned choice of planning includes several advantages
against standard methods of planning. One of them is also
simpler preparing of test needles holes. With such plan-
ning a testing device can be created even before the first
prototype of the printed circuit is made. By projecting print-
ed circuits or marked testing points onto the lower testing
board documentation on exact measures of the drilled

openings as well as on other important information, such
as end-height of individual components and suchlike can
be sent to the manufacturer of testing devices.

Fig. 5: A testing device for terminal printed circuits

3. Functionality and the structure of
the terminal

The basic functionality of the terminal is performing differ-
ent types of transactions. These can be carried out in dif-
ferent ways, since the terminal supports different technol-
ogies of user-identification (RFID tag, magnetic-stripe card,
smart card and mobile phone’s MSISDN) as well as differ-
ent ways of communication with the centre like data trans-
mission through a speech channel of a mobile network,
GPRS, Ethernet wire technology, ZigBee. The choice of
individual communication channel depends on the price
of data transmission, the speed of data transmission and
the location of the use of the terminal.

Besides the basic functionality, the terminal also provides
others. We will only mention a few more important ones.
The terminal enables distance maintenance or replacement
of the software part of the terminal, display of different trans-
action extracts (reports, account, duplicate) on the screen
and on paper via printer, portability of the terminal - bat-
tery and recharging option, corresponding display and a
simple user-interface, transmitting or producing voice in-
structions, protection of the terminal against unwanted in-
trusion. For the sake of all the mentioned functionalities
the terminal is constructed in several parts/sets:

- digital signal processor (FLASH and RAM)

- memory components (EEPROM, SD card etc.)

- circuit for protection against unwanted invasion

- power management circuit,

- battery

- connectors,

- keyboard,

- screen,

- printer,

- wireless technologies (RFID, GPRS, ZigBee),
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- RTC (real time clock),
- smart card for ECC cryptography.

Fig. 6 and fig. 7 show individual sets and the basic struc-
ture of the terminal.

Smart card for Wira_lass
ECC cryptography ‘e""hR"F";::g';lzge':RS :

Protection

circuits Battery

Power

management Screen
Sheee Digital signal
processor
EEPROM,
data FLASH, SD Printer

Keyboard

Cable
connectors

Fig. 6: The important sets of the terminal.

Slots and
Connectors
for cards

3.1 Central processing and external
memory units

The central processor of the terminal is a 32-bit DSP (dig-
ital signal processor) TMS320F2812 made by company
Texas Instruments, which has integrated peripheral bus-
es. These directly support SPI, SCI, AD, PWM, QEP, McB-
SP CAN etc. The mentioned DSP supports 16x16 and
32x32 MAC (Multiply and Accumulate) operations and
16x16 double MAC operations. The core of the DSP runs
with a frequency of 150 MHz and achieves the capacity of
150 MIPS (Million Instructions per Second). All the above-
mentioned characteristics are necessary for real-time
processing of different operations performed by the termi-
nal:

- FFT (Fast Fourier Transformation) and IFFT (Inverse
FFT),

- filtering of individual carrier frequencies,

Q

- encryption and decryption of data,
- BEC (Backward Error Correction),
- FEC (Forward Error Correction),

- GUI,

TMS320F 2812 digital signal processor has an integrated
internal FLASH and RAM for storing and processing pro-
gram code and data. The following memory units that serve
different purposes are connected directly to DSP: exter-
nal static RAM, serial FLASH, EEPROM, additional alter-
native SD card and an interface for smart cards.

A version of PCB is saved in EEPROM, which enables
easier service as well as proper functioning of one pro-
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Fig. 7: The structure of the terminal.

gram code on different PCBs. Parameters which deter-
mine the functioning of the program code as well as stor-
age of data needed by the terminal when restarted are also
saved in EEPROM.

Internal and external RAM are used for debugging in the
development environment, as well as for storing data and
performing individual program algorithms that have to be
performed faster (FFT, correlations, filtering etc. using faster
internal RAM).

Graphic data records, used for animations, text extracts,
screen logotypes and thermal printer logotypes; as well as
sound data records for proper signalization are stored in
external serial FLASH. The latter is also used for storing trans-
action data and partial storing of the program code etc.
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SD cards are used for storing additional advertising data
such as logotypes, animations and larger sound records.
At the same time the same input slot is also used for up-
grading the terminal with a program card that holds the
program code.

Smart card interface has four different functionalities. The
first functionality is supporting credit cards for user identi-
fication and performing payment transactions. The second
functionality is the use of merchant-identification cards. The
third functionality is saving sensitive data onto protected
cards. The fourth functionality is performed on a separate
parallel port intended for alternative use of smart cards for
storing cryptographic keys and performing corresponding
cryptographic algorithms.

4. Wireless communication

Nowadays many devices use wireless communication,

which primarily provides portability of the device. The fol-

lowing wireless communications are used with the termi-

nal:

-  ZIGBEE,

- RFID (Radio Frequency ldentification),

- GPRS (General Packet Radio Service) and

- transmission of data through a speech channel of a
mobile network.

The terminal uses ZigBee for wireless communication be-
tween the terminal and the dock station. The mentioned
functionality is used only when the dock station is con-
nected to ethernet network or the cash point directly. In
this case ZigBee becomes a bridge, that enables indirect
connection of the terminal to Ethernet network or the cash
point.

RFID wireless communication is used for two different func-

tionalities. Primarily it enables registration before the use

of the terminal, which limits access to the terminal only to

authorized persons or cards. At the same time the termi-

nal and RFID also enable mobile payments through NFC

(Near Field Communication) standard. With this the termi-

nal enables 4 different means of payments, that is:

- smart cards,

- cards with a magnetic record,

- NFC and

- mobile payments with transmission of data through a
speech channel of a mobile network.

In individual countries transmission of data through GPRS
channel is relatively inexpensive. Apart from GPRS modem
the terminal only needs a valid SIM card of a mobile opera-
tor. In this case mobile payments are done so that user iden-
tification is sent through a voice channel to the terminal, and
all other data is sent through GPRS channel. Such transac-
tions are faster and more robust, and the terminal also has
the possibility to upgrade larger parts of software, which
consequently means easier maintenance of the terminal.

4.1 Communication through a voice
channel of a mobile network.

Transmission of data through the voice channel of a mo-
bile network is the most important wireless communica-
tion of the terminal. Advantages against others have already
been listed in the introductory chapter. Several different
problems that prevent high speed of data transmission arise
with this method of data transmission. Because of this the
terminal includes different systems for correcting and de-
tecting data as well as modified modulations for more ro-
bust data transmissions. Fig. 8 shows individual systems
in charge of data transmission between the terminal and
the centre. Among them is also encrypting and decrypt-
ing of data, based on ECC cryptography.

BACKEND
DATA DATA ‘
(100111011) (010000110)
CRYPTO ECC CRYPTO ECC
ENCRYPT DECRYPT
BEC BEC
Encode Decode
FEC FEC
Encode Decode
MODULATION DEMODULATION
FSK OFDM-FSK
Data flow over
voice line
DEMODULATION MODULATION
FSK OFDM-FSK
FEC FEC
ecode Encode
BEC BEC
Decode Encode
CRYPTO ECC CRYPTO ECC
DECRYPT ENCRYPT
DATA DATA
v (100111011) (010000110)

2

3

Fig. 8: Provision of robustness of data transmission
with different systems or algorithms.

57



Informacije MIDEM 38(2008)1, str. 53-60

Z. Mezgec, A. Medved, A. Chowdhury, R. Svecko:
Mobile Payments - Design of New Terminal

Lkl Battery charging
8 ttc;n circuit, voltage 33VEV
attery control 5V, 3,3V CPLD Printer motor Printer
driver
i s FAN + AJD printer temperature
i | & paper detect
v g SIM Card
| 3 gl &l ] l
EEPROM <t - % 2 é]
i |§ |§ % I = » == < == GPRS MODEM
o g ] . .
1 2 I B )
Serial FLASH |=#| % g S Ly * !
!,?: G [= switcH |
! > |
( - « e s =pp-| Magnetic Swipe
UART 2
SD card g P : UART exp
........ — i -
e, DSP > & Switch |
12C (2) AT |
I L ZigBEE
RFID | . o ]l - : ;
(NFC) ‘1 . == I
8 ls — b
| 12 iz | A gl !
L =TT s
- * * I | (N
LCD = L IR
| I
Audio codec : : | Computer
Microphone # 8' g
8 ¥
& I 3
% £
Backlight £ 5 * * .
g £ L /
Reset 8
& RTC ICC interface
Security circuit -qﬁ * * *
Keyboard
Battery Crypto Card Smart card
Control
Sensor o e ——— . SE—— O — -
GPIOS Managed BUS  Integrated interfaceBUS GPIOS inpuloutput&

Fig. 9: Block diagram of the printed circuit of the terminal

Center and terminal are communicating in full-duplex mode.
Terminal has to simultaneously in real-time perform demod-
ulation and modulation, FEC (forward error correction)
decoding and coding, BEC (backward error correction)
decoding and coding and ECC encrypting and decrypting
of data. For modulations and demodulations adaptive and
robust techniques have been developed especially de-
signed for voice coded transmission over speech chan-
nels in mobile networks. Those are based on modified
OFDM techniques, pilot signals, chirp signals and differ-
ent advanced channel analysis.
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normal connections

5. Terminal protection

The primary function of the terminal is performing money
transactions. Because of this a high level of protection is
necessary. Besides the protection of data transmission,
protection against unauthorized physical intrusion to the
terminal is needed. Protection circuit runs in connection
to separate power supply and protection sensors. The
mentioned protection must ensure that:

- it is not possible to intercept data running between

the keyboard and the processor,
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Fig. 10: Block diagram of the software part of the terminal

- it is not possible to intercept data running between
the cards and the processor, and

- it detects and promptly reacts in case an unauthor-
ized person tries to open the terminal.

Additional protection of data is provided with a 128-bit key
that locks the processor, and at the same time especially
sensitive data is saved onto an extra crypto smart card.

6. Software part

Fig. 10 shows a block diagram of the software part of the
terminal, which is roughly divided into 4 parts: Bootloader,
cryptography, main application and additional data.

Bootloader performs several tasks. At startup it first checks
if a program card containing a new application is inserted
into the terminal. In this case it updates the application
and data in external memory units. In a similar way the ter-
minal can be updated through a maintenance call or di-
rectly via PC.

Maintenance call enables distance updating of the appli-
cation, which means that individual parts or the whole ap-
plication is sent from the centre to the terminal through a
channel that is used by the terminal for communication with
the centre at the time. The next task of the bootloader is
initialization of cryptography and afterwards startup of the
main application. The terminal uses cryptography of ellip-
tic curves ECC that is based on public and private keys /
8/. The cryptography is made up of crypto keys, crypto
library and a crypto interface. It can all be done on alocked
DSP or on a smart card. The latter has more advantages,
among others also easier service of the terminal and dis-
burdening of the DSP.

The main application is the core of the terminal and the
largest software part since it connects all the presented
components and performs different algorithms in charge
of GUI, drivers, protocol and communication level of trans-

actions, reports, wireless communication, saving and read-
ing the data and several other important tasks. All these
algorithms are communicating via well known services for
synchronization (semaphores, mailboxes, queues etc.),
scheduling (multitasking, periodical functions, interrupt
manager) and other system services. s communication,
storinted components safter that startup of the main
application.g cryptgraphig algoritms

7. Conclusion

The presented article describes the development and the
implementation of a modern terminal. The terminal pro-
vides a wide range of different services, enabling different
methods of mobile payments as well as other functionali-
ties that distinguish the terminal in many aspects. The ter-
minal has a unique design that corresponds to the primary
functionality, i.e. mobile payments with transmission of data
through a speech channel of a mobile network. At the same
time the presented terminal is an autonomous and small
device that includes a high level of protection against intru-
sion to the terminal. Communication between the terminal
and the centre runs through different wireless and wire
technologies, which additionally enables easier integration
of the terminal into the existing systems or environments.
The terminal is constructed so that printed circuit can be
added or modified without changing the external design of
the terminal. For further development of the terminal a re-
placement of the core processing unit with a stronger one
is foreseen, and at the same time the development will be
in line with compatibility with the existing wire technolo-
gies (integration of Ethernet module etc.).
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Abstract: Geographically distributed systems performing different functions in diverse operational conditions call for interconnection of their components
and efficient and reliable remote management using telemetry and telecontrol functionalities in which data and control messages are exchanged. In this
paper we present a generic architecture of telemetry and telecontrol systems consisting of a control centre and remote units. We have developed a
representative test application comprising telemetry and telecontrol functionalities, making use of the TETRA (TErrestrial Trunked RAdio) network as a
communication and interconnection platform. In particular the test application enables temperature at the microcontroller based remote unit to be moni-
tored from the control centre and triggering of a remote alarm. A modular approach enables the remote unit to be connected to various types of sensors
and appliances, thus satisfying the diverse needs of applications. The designed platform and the representative test application have been validated using
a pilot TETRA network for remote temperature monitoring and public alarm triggering.

Daljinsko merjenje in upravljanje preko omrezja TETRA

Kjuéne besede: daljinsko merjenje (telemetrija), daljinsko upravljanje, beleZenje podatkov, TETRA, PIC mikrokrmilnik

Izvleéek: Prostorsko porazdeljeni sistemi, ki v raznovrstnih pogojih izvajajo razli¢ne funkcije, zahtevajo medsebojno povezavo posameznih komponent ter
ucinkovito in zanesljivo upravljanje s pomocjo funkcionalnosti daljinskega merjenja in upravljanja za izmenjavo podatkovnih in nadzornih sporogil. V tem
prispevku je predstavijena splosna arhitektura sistema za daljinsko merjenje in upravljanje, ki vsebuje nadzorni center in oddaljene enote. Prikazana je
reprezentativna testna aplikacija, ki zdruzuje funkcionalnosti daljinskega merjenja in upravljanja z omrezjem TETRA (TErrestrial Trunked Radio - prizemni
snopovni radio) kot komunikacijsko platformo za medsebojno povezovanje. Testna aplikacija omogoca nadzor temperature na oddaljeni enoti iz nad-
zornega centra ter prozenje oddaljenega alarma. Modularna zgradba oddaljene enote zagotovlja moznost povezovanja z razli¢nimi tipi senzorjev in naprav,
s ¢imer je omogocena uporaba v vrsti razlicnih aplikacij. Zasnovana platforma in reprezentativna testna aplikacija sta bili potrjeni z uporabo pilotskega
omrezja TETRA za oddaljen nadzor temperature in prozenje javnega alarma.

communication, a specialised radio network used to con-
trol and supervise the public sound alarm system, and an-
other radio network used for the paging system.

1. Introduction

Many applications in consumer and industrial sectors are
becoming extensively distributed over a wide geographi-

cal region with the need to be monitored and/or control- Trunked radio POCSAG Analog radio +
led from a centrally located supervision point. Some ex- Analog radio (MPT 1327, paging FSK modem
analog voice) system (1200 baud)

amples include remote monitoring and metering in gas,
electric or water billing systems; remote control in building
access allowance systems, security and alarm systems,
and a variety of healthcare applications. Increasingly im-
portant applications, considered in this paper, are systems
used in nation-wide protection against natural and man-
made disasters, crisis management and disaster relief.
Such systems are geographically wide-spread and require
extensive infrastructure. Traditionally, the interconnection

of remote units has been established using leased lines or /
other dedicated communication channels, which leads to Voice Paging
expensive solutions that are difficult if not impossible to communication
implement in geographically isolated regions. Such sys-
tems need to withstand the consequences of various large-
scale disasters such as earthquakes or floods, yet in such
circumstances wired communication links can easily be
broken down. Wireless solutions therefore appear to have

Public (sound)
alarms

Control centre

Fig. 1: Traditional wireless infrastructure

a clear advantage for interconnecting a distributed system’s
components. Different wireless infrastructures have tradi-
tionally been used in this context for different services (voice
and data), all aimed at assuring reliable and long-range
communications. A typical example is depicted in Figure
1, with two different analog radio systems used for voice

With the introduction of Professional Mobile Radio (PMR)
systems, which are wireless communication systems de-
signed for dedicated groups of users in specific organiza-
tions (e.g. police, army, fire brigades), it has become pos-
sible to use a single communication infrastructure for a
range of data and voice services. Besides some proprie-
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tary solutions, there are two prevailing digital PMR systems:
the ETSI standard TETRA (TErrestrial Trunked RAdio) /1/
and the APCO Project 25 /2/. They all offer unified, relia-
ble and secure voice and data communications, simplify-
ing communication infrastructure, its management and
maintenance, thus providing a reliable and robust wireless
infrastructure for telemetry and telecontrol applications
required in crisis management and disaster relief situations.

In general, telemetry and telecontrol systems comprise a
set of remote units connected to a control centre using
wired or wireless communication links. This paper is fo-
cused on telemetry and telecontrol systems based on a
wireless network, with the emphasis on their design phase.
As an example we have developed a test application for
measuring and monitoring temperature at a remote unitand
for triggering public alarms. It consists of a purposely de-
signed control centre application and of a microcontroller-
based remote unit. The latter has been designed with the
idea of developing a modular hardware system whose com-
ponents could be reused in a host of telemetry and/or tel-
econtrol applications with the minimum number of modifi-
cations to the original design, although it is in general im-
possible to implement a generic platform for all applica-
tions.

2. Telemetry and Telecontrol

Telemetry and telecontrol are communication processes
that can be defined as follows:

- Telemetry is a process by which automatic measure-
ments and/or other data are collected and processed
at a remote object and transmitted to a receiving sta-
tion for monitoring, analysis and recording.

- Telecontrol is the process of remotely controlling the
operation of a distant object’s appliances from a con-
trol station.

The use of telemetry and telecontrol functionalities has
proved useful for a variety of monitoring and control appli-
cations in systems distributed over wide geographical are-
as. They are used to couple remote site sensors (e.g. sens-
ing devices for temperature, pressure, humidity, sound,
light intensity, current, voltage, etc.) and remote site appli-
ances (e.g. relays, motors, valves, pumps, lights, alarms)
with the equipment controlling the operation of a process.
A control centre and remote units are thus the basic com-
ponents of any telemetry or telecontrol system. Their inter-
connection can be done using wired or wireless commu-
nication links. In either case a typical telemetry or telecon-
trol system /3/ includes three basic procedures:

- Remote site data acquisition - a process in a teleme-
try system where a data stream is sampled and the
required parameters are measured, and a process in
a telecontrol system where an action on a remote site
appliance is executed.
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Data transmission - deals with data packaging and
transmission in a communication process between the
control centre and a remote unit.

- Control centre data analysis - deals with the analysis
of data received from remote units in telemetry sys-
tems, and with the generation of control commands
to be sent to remote units in telecontrol systems.

The telemetry and telecontrol concepts both assume the
existence of two way communication in which the systems
are trying to communicate using the shortest possible
messages, with the interval between them being as long
as possible. By this the power consumption of typically
battery powered remote units is minimized. Data process-
ing is typically handled by a dedicated application in the
control centre, which leads to less complicated and con-
sequently cheaper remote units.

The requirements regarding the importance and the vol-
ume of transmitted information in telemetry and telecon-
trol systems are opposite. In the case of telemetry mes-
sages carrying meaningful information are travelling from
remote units to the control centre, while messages travel-
ling in the opposite direction are required just for the prop-
er operation of a communication protocol (e.g. request and
confirmation messages). In the case of telecontrol, the in-
verse is the case, i.e. meaningful messages are sent from
control centre to the remote units with acknowledgements
flowing in the opposite direction. Considering these com-
plementary requirements of telemetry and telecontrol sys-
tems it is advantageous to combine both functionalities in
a complete distributed automation system, which would
offer the monitoring and control capabilities of a remote
unit, both from a control centre.

Regardless of wired or wireless communication infrastruc-
ture, telemetry and telecontrol systems require autonomous
operating scenarios in case the communication link be-
tween a control centre and a particular remote unit is bro-
ken. This causes the remote units having to be more com-
plex in terms of additional hardware and/or signal process-
ing capabilities. Typically the system’s autonomous opera-
tion exploits data logging techniques. Data logging is a
process of gathering data values generated by a particular
system for the purposes of later analysis and/or archiving.
The data logger may be described as a device recording a
time-sequence of events. In the case of upgrading the te-
lemetry remote units by a data-logging capability, the op-
eration of remote units can be extended to enable a recip-
rocal state restoration within a control centre, after the
communication link is re-established. For the remote unit
to offer data-logging functionalities it must additionally con-
tain at least a non-volatile memory bank as a data storage
device, with a real-time clock source used to time-stamp
the recorded data, thus keeping the track of time and cal-
endar date. Data loggers typically operate in one of two
basic modes. The prevalent one is the time-based mode,
where in which a data-logger is scheduled to obtain data
readings at a given time interval. The other operating mode
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is the event-driven mode, in which data-logging is triggered
by an external event. Different modes combining these two
basic principles are also widely used.

2.1 Applications

Considering the range of sensors that can be used in te-
lemetry systems and the range of appliances suitable to
be remotely controlled in telecontrol systems, there is a
vast range of applications in which telemetry and/or tele-
control functionalities could be exploited. Currently emerg-
ing applications can be classified under consumer, indus-
trial, environmental, and health-care areas.

Typical consumer and industrial applications include bur-
glar alarms, door gate openers, heating, ventilation and air
conditioning systems, automated meter reading systems
used in consumer billing to take periodic measurements
of utility meters, traffic measurement and control systems,
etc. Applications of environmental care include weather
and seismic monitoring, remote fire supervision, flood pre-
vention, and irrigation control. Recently, telemetry and tel-
econtrol systems are being introduced extensively in health-
care applications, allowing patients that require continu-
ous monitoring to go about their daily business rather than
being confined in bed. Heart related requirements, such
as electrocardiograms, or blood glucose monitoring in di-
abetic individuals fall into this category. The limitations of a
particular system usually arise from the limitations of the
available telecommunication infrastructure, which deter-
mine constraints such as the amount of data transmitted
per time unit, transmission delay, service interruptions, etc.
/4/.

A range of telemetry and telecontrol applications also ex-
ploit the data-logging functionalities. The latter are em-
ployed in many industrial and environmental applications
to enable real-time logging of critical or representative pa-
rameters (e.g. temperature, wind speed, barometric pres-
sure). In the field of health-care, data loggers are used to
monitor a patient’s physiological condition which is then
periodically communicated to the medical stuff.

2.2 Test Application

The representative test application described in this paper
exploits both the telemetry and telecontrol capabilities with
the wireless infrastructure used for the transmission of
measurement and control data between a control centre
and remote units equipped with external sensors. The re-
mote units also offer an autonomous operation for periods
lacking wireless network connection. In such cases a de-
fault operation scenario comes into play, with events be-
ing time-stamped and logged to a Compact Flash (CF) stor-
age device for later transmission to the control centre. The
general system architecture, consisting of control centre,
TETRA wireless network and remote units, is depicted in
Figure 2.

GFS satalite |

§ : OXT Cn
RE-212 TETRA '
modem

inal
TETRA network fyste Temp.
sansor

MPIC devalapment

Control cantre.
appiication

Caontrol cantre Remote unit

Fig. 2: The wireless telemetry and telecontrol system

The intention of the test application was to demonstrate
and validate the following functionalities:

- Transmission of temperature measurement data from
a remote unit over a wireless network to the control
centre where this data is analysed and stored.

- Sending warning messages from the control centre
to remote units where a public alarm system is acti-
vated or deactivated.

- Autonomous operation of remote units when remote
unit has no network connectivity; the scheduled tem-
perature measurements are stored to a CF storage
device for later restoration at the control centre, and
public alarms are triggered using the default opera-
tion scenario threshold temperature values.

In our system the remote unit application has been struc-
tured into two parts, each covering one of the operating
modes. The normal operating mode is used whenever the
remote unit's TETRA modem is connected to the network,
while the autonomous operating mode is used to assure
proper operation of the remote unit’'s basic functions in the
absence of connection and to log actions taken for subse-
quent restoration by the control centre application.

3. Wireless interconnection
infrastructure based on the TETRA
system

In order to validate the operation of a test application in a
robust networking environment suitable for disaster relief
conditions, we selected a TETRA network /1, 5, 6/ for the
wireless interconnection of the distributed elements. TET-
RA is an open ETSI standard for digital trunked mobile ra-
dio for professional use, featuring fast call setup, group
calls, call priorities, direct mode operation, etc. It was de-
veloped to meet the needs of the most demanding profes-
sional radio users like police forces, fire brigades and res-
cue teams, army, as well as commercial organizations (pow-
er distribution systems, transport systems, etc.)

PMR systems in Europe based on the TETRA standard use
RF channels 25 kHz wide, with carrier frequencies around
400 MHz. Although TETRA supports direct communica-
tion between mobile stations (as an emergency mode,
when no base station is available), normal communication
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runs between a base station and a mobile station. TETRA
provides duplex communication using FDD (Frequency
Division Duplex), with adjacent upstream and downstream
transmission bands. By using TDMA (Time Division Multi-
ple Access) with four time slots, each RF carrier provides
four communication channels for secure digital voice or
data transmission. One communication channel on each
base station is reserved for system use as a TETRA con-
trol channel.

For data transmission, TETRA provides three different data
transmission services:

- Short Data Service (SDS)
- Circuit Mode Data
- Packet Mode Data

SDS provides point-to-point and point to multi-point con-
nectivity for sending short data messages, using the TET-
RA control channel. Messages can be either status mes-
sages with predefined meanings, or user data messages
carrying arbitrary user-defined data. They can be of four
different types: types 1, 2 and 3 are 2, 4 and 8 bytes long
messages respectively, while type 4 are variable-length
messages up to 256 bytes long, typically used for text
messages. Short Data Service - Transport Layer (SDS-TL)
is an extension of SDS type 4, which ensures a reliable
transport using connection-oriented communication with
handshaking. SDS is suitable for various low data rate ap-
plications including telemetry and telecontrol. Its advan-
tage is simplicity of use without the need to implement a
complicated communication protocol (e.g. IP protocol).

The Circuit Mode Data service establishes a fixed dedicat-
ed data communication channel between a mobile unit and
a base station, while the Packet Mode Data service con-
stitutes a fully featured packet data service, which is nor-
mally used for IP traffic. It supports packet data transmis-
sion in either connection-oriented or connection-less
modes. The data transfer rate depends on the selected
level of error protection as shown in Table I.

Table1: Data communication speed in TETRA system
(one time slot)

Error protection level Transm[lljts)l/(s)]n speed
No protection 7,2
Standard protection 4.8
High protection 2,4

Taking into account the communication protocol overhead,
the achievable net (application level) bit rate is about 3 kbit/
s for the standard protection level. The communication
speed can be increased by combining up to four time slots.

To connect data equipment to TETRA terminal (mobile radio
stations), TETRA defines a standard interface PEI (Peripheral
Equipment Interface), which uses standard asynchronous
serial data communication (RS-232) and AT commands.
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The pilot TETRA network used in our test application con-
sisted of a digital exchange (DXT), two base stations (TBS),
and two mobile radio stations, one in the control centre
and the other in remote unit (see Figure 2). The communi-
cation terminal at the remote unit served as a TETRA mo-
dem to establish a link between the TETRA network and
the remote unit, as well as a GPS (Global Positioning Sys-
tem) receiver. Using TETRA PElI interface it was connect-
ed to a microcontroller via a serial RS-232 line. Microcon-
troller received commands from the control centre over
the TETRA network, and transmitted measurement data
from the sensor to the control centre. SDS type 4 data
service, being simple to use and providing sufficient trans-
mission capacity for our test application, was used for the
transmission of control and data messages.

4. Control Centre Application

The control centre application is designed to define and
control remote units operation, to collect, store and ana-
lyze measured data, and to send additional settings and
requests to remote units which are dynamically allocated
to the control centre active set.

The control centre is composed of a TETRA modem which
is connected on one side to the TETRA wireless network
and on the other via a wired RS-232 interface to a person-
al computer running a dedicated telemetry control centre
application. As it can be seen in Figure 3, the control cen-
tre application is divided into two main parts, the Remote
Unit Control and the Data Analysis part.

[=

Dl 5l 0

Fig. 3: Userinterface of the control centre application

When the application is started, the username and pass-
word must be entered, restricting the access to the appli-
cation and consequently to the remote units’ settings. Be-
fore using the application, the MS Access database of the
remote units must be populated. This can be done directly
via the MS Access program or using the ‘Add/Remove’
control in the ‘Communication’ menu of the control centre
application.
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In order to communicate with remote units the control cen-
tre computer must be connected to the TETRA network
via the TETRA modem. The communication settings ac-
cessible through the ‘Communication” menu must be de-
fined according to the TETRA modem set up, and the RS-
232 connection between the modem and the computer
must be established. If the control centre is connected to
the network (shown in the status bar) and the selected re-
mote unitis accessible, its settings can be modified in terms
of control/action type and local storage enabling. In order
to check the availability of any remote unit found in the MS
Access database the menu bar also provides a command
‘Check unit’.

4.1 Data Analysis

The upper part of the application user interface is designed
for analysing the measured data and triggered events. It
enables tabular representation of the stored measured tem-
peratures and actions with the belonging time stamps.
Temperature variation of the selected sensor, stored in the
table, can be also presented graphically. Charted graphs
can be stored independently or they can be included in
the reports designed in the same application.

The application also enables acquiring data from the re-
mote unit which, in the absence of network connectivity,
switches to autonomous operation mode. In this case the
measured data are stored locally and analyzed by control
centre application after establishing TETRA connectivity
and restoring data from local storage on the remote unit.

4.2 Remote Unit Control

The ‘Remote Unit Control’ part of the application is com-
posed of four sections. It helps the user to easily and clearly
control and manage implemented test applications, name-
ly temperature monitoring and alarm triggering.

The temperature monitoring is divided into periodic and
on-demand execution. In both cases the alarm can be trig-
gered for the predefined time if the temperature threshold
defined in the ‘Unit Settings’ window is exceeded. In the
case of periodic temperature measurements the remote
units must be added to the active set. This can be done
using the ‘Remote units’ button which opens an ‘Add Re-
mote Units’ window with the list of the available units. For
each selected remote unit the predefined parameters can
be shown. The measured data and triggered events can
be saved in a predefined text file.

On-demand temperature measurement and alarm control
can be triggered using ‘Send req. to...” button. It opens an
additional window where the type of request is selected
(alarm triggering or temperature monitoring), reachable
remote units are shown, and the user selected remote units
and their responses are noted. All the actions can be writ-
ten to the user defined log file. The graphical control part
is designed for real time graphical representation of the
temperature variation on the selected sensor. To be able

to present this kind of data the periodic temperature mon-
itoring must be started. The available sensors are mem-
bers of the remote unit active set.

5. Remote Unit

The core of the remote unit is built around a microcontrol-
ler providing sufficient processing capability for the auton-
omous operation, as well as various communication and
adapter interfaces for the connection of communication,
sensor, actuator and storage peripherals.

In the design of the electronic system representing the core
of each remote unit, the driving idea was to implement a
generic modular hardware platform consisting of reusable
components that would form the basis for the development
of telemetry and/or telecontrol systems. The core has to
be simple, relatively small in size, and economical in cost
and energy consumption. At the same time it also has to
be powerful enough to form the basis of an autonomous
system, and highly flexible in terms of being able to adapt
to a great variety of applications by making minimal modifi-
cations. The success of the platform is thus determined by
its flexibility, capacity and overall price.

5.1 Hardware Part

For the remote unit's core to be an open system, offering
reconfiguration at a software level, the electronic circuit is
based on a microcontroller, with the MPIC development
system /7/ being used to develop and verify the test appli-
cation in our case. However, in the design of an end-mar-
ket product it would make sense to implement the hard-
ware in such a way that its final function would be defined
by attaching application specific add-on modules to the
core unit. Together with the proper software configuration
the system as a whole would then offer adaptability to a
variety of environments being monitored and/or control-
led.

The hardware part of the remote unit, depicted in Figure
4, consists of the core and the test application specific
hardware. The core hardware comprises only the minimum
requisites forming a working system, yet undetermined for
a specific application. The basic components forming the
core are power supply, a basic microcontroller circuit, and
a communication terminal. The power supply in our case
was a standard 5 V voltage regulator built around an
LM7805 chip. A Microchip PIC16F877A microcontroller
/8/ has been used as the heart of the core unit. It is an 8-
bit RISC (Reduced Instruction Set Computer) architecture
microcontroller operating at a clock input of up to 20 MHz
with 8 K of 14-bit FLASH program memory, 368 bytes of
RAM data memory and 256 bytes of EEPROM data mem-
ory. The package is 40-pin with three 8-bit, one 6-bit, and
one 3-bit input/output (I/O) ports. The external peripher-
als available on these ports include: three timers (8- and
16-bit), two 16-bit capture/compare/PWM (Pulse Width
Modulation) modules, 8-channel 10-bit AD (Analog-to-Dig-
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ital) converter, analog comparator module, 1°C (Inter-Inte-
grated Circuit), SPI (Serial Peripheral Interface), and US-
ART (Universal Synchronous Asynchronous Receiver Trans-
mitter) communication interfaces. The large number of I/
O peripherals makes this microcontroller suitable for a great
number of applications, which is especially important due
to the fact that we are designing a unified core. Otherwise
a more appropriate microcontroller, best fulfilling the per-
formance/price ratio, could be selected for a specific ap-
plication.
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Fig. 4: Block scheme of the implemented remote unit’s
hardware

A EADS THR880i /9/ communication terminal, compris-
ing TETRA modem and GPS receiver, has been used for
the purposes of test application. It communicates with the
microcontroller at a speed of 9600 bps using a standard
RS-232 protocol. AMAX232 chip has been used to adapt
the voltage levels of the RS-232 interface to the TTL lev-
els. The communication interface occupies only two of the
microcontroller's pins, i.e. the Tx and Rx of the USART
interface available through port C. In our test application a
standard 8 MHz crystal oscillator was used, while a reset
circuit was driven by pushing a reset key.

To this end the core hardware has been described that is
invariable in all remote units. Besides being the main data
processing component it is also used to exchange AT
messages with the communication terminal, and to set or
read basic telemetry/telecontrol remote unit signals, i.e.
converting analog input signals by built-in AD converters
or managing each port's TTL digital signals (0 and 5 V lev-
els). In the case of more complex signals, an application
specific circuit has to be used, with the core circuit provid-
ing the proper communication interface. In our test appli-
cation, shown in Figure 5, the following circuits have been
designed:

- Temperature sensing circuit based on a Dallas
DS1820 /10/ temperature sensor.

- Alarming device to visualize triggered alarms.

- Real-time clock (RTC) module for time-stamping meas-
urement records.

- Compact Flash (CF) data storage device interface.

66

Fig. 5:  Photo of the designed remote unit test
application

The temperature sensor performs periodic or on-demand
temperature measurements which are either reported to
the control centre or stored in a log file. Based on these
measurements alarms are triggered when a defined tem-
perature threshold value is exceeded. The temperature
sensor used measures temperatures in the range from -
55 °C to +125 °C, where measurements between -10 °C
and +85 °C are precise to a 0.5 °C. Communication is
carried out using a 1-wire protocol, thus occupying only
one of the microcontroller's pins. In our case the RCO at
the port C was used.

Alarming signals were in our test application represented
simply by turning on and off the LEDs on pins RC1 and
RC2 of port C. The key connected to the RC5 was used to
manually turn the remote unit’s alarm off and reset the proc-
ess to a new iteration of temperature measurement and
alarm triggering.

The real-time clock module is one of two components in-
cluded in the system for the purpose of autonomous oper-
ation. It is based on a Philips PCF8583 integrated circuit /
11/, which is the clock/calendar circuit that was used to
time-stamp temperature measurements and alarm logs
stored in a log file during the autonomous operation mode,
i.e. operation in the period without TETRA network con-
nectivity. The circuit uses a two-line bidirectional 1°C bus
as a communication interface and is therefore connected
to the microcontroller using the pins SCL (Serial CLock)
and SDA (Serial DAta), located at RC3 and RC4 of the
port C. The circuit additionally comprises a local oscillator
and a battery backup.

The CF storage device is the second component included
for the support of the autonomous operation, used to store
logs of taken activities. It is connected to the microcontrol-
ler occupying two of its ports, with the control lines con-
nected to port B and the data lines connected to port D.

5.2 Software Part

The software for the remote unit's microcontroller is of par-
ticular importance for the overall system performance, as
the microcontroller has to utilize both the computation and
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Fig. 6:  Flow chart of the initialisation and normal
operation mode

coordination functions efficiently /12/. Computation here
refers to the code required to execute a particular com-
mand, while coordination refers to the code required for
reliable communication of a remote unit with control cen-
tre, and the communication of a remote unit's core hard-
ware with the application specific hardware.

Communication between the microcontroller and the com-
munication terminal is based on exchanging AT command
messages through the RS-232 serial port. Only a subset
of the terminal AT commands defined by the manufacturer
/13/ were supported in our test application, viz.

- commands used to set the proper terminal operation
(e.g. how the RS-232 communication is handled),

- commands to check the TETRA network connectivity
and signal strength,

- commands for handling the SDS messages, and

- commands used to manage the GPS receiver built in
the terminal.

The execution flow chart of the microcontroller's program
has been split into two parts, each describing one of the
operating modes. They are depicted in Figures 6 and 7,
for the normal and autonomous operation mode respec-
tively. The normal operation mode flow chart also depicts
the initialisation routine.

NO TETRA network connectivity

| Autonomous
| operating <
mode
Y
Temperature
measurement

|

Alarm | Default alarm

triggering treshold value
«— RTC
Logging

alarm, temp, GPS, RTC
«— GPS

TETRA

—_—— e e — — — —

network Delay
connectivity
Control
centre
restoration
~_ _l_ ____________________ -
/ ________ ~
| |
I Normal |
| operating |
| mode |
]

Fig. 7:  Flow chart of the autonomous operation mode

The program for the initialisation and normal operation
mode is executed as follows. After the reset the start-up
procedure takes place, with the microcontroller, its periph-
erals and the associated communication protocols being
initialised. The decision on the operation mode is then tak-
en, based on the information about TETRA network con-
nectivity. If the signal strength is appropriate, the program
enters the normal operation mode, where it acts as a slave
unit, executing commands received from the control cen-
tre. Alternatively, in the absence of TETRA network con-
nectivity, the autonomous operation mode is selected.

In the normal operating mode, the remote unit receives
SDS messages through the serial port, decodes them (i.e.
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extracts the command information) and takes the appro-
priate actions. The program thus executes an infinite loop
of making temperature measurements and triggering alarm
signals. After each action taken (successful or unsuccess-
ful command execution) the remote unit informs the con-
trol centre of its current status. This is done by sending
back to the control centre a unified report SDS message
containing the information about current measured tem-
perature, alarm state, geographical location and time. This
situation lasts as long as the TETRA modem has TETRA
network connectivity.

The autonomous operation mode is entered when the TET-
RA modem loses TETRA network connectivity. In this mode
the temperature is measured periodically and the alarm is
triggered when the temperature exceeds the default thresh-
old temperature. All this operating information, together
with the time and current location, is in each iteration saved
to the local storage device (CF card). When the remote
unit regains TETRA network connectivity, all the locally
stored operation information is transferred to the control
centre, by which the control centre is restored and be-
comes ready to again take control of the remote unit, which
consequently enters the normal operating mode.

Information like control centre TETRA modem number and
threshold temperature value for alarm triggering in autono-
mous operation mode are saved in the microcontroller's
EEPROM memory.

6. Conclusion

In this paper we presented the design and basic function-
ality of a telemetry and telecontrol system based on the
TETRA network as a communication and interconnection
platform. Test application with a dedicated control centre
application and a microcontroller based remote unit was
developed to demonstrate and validate the feasibility of the
approach. In particular, the test application consists of re-
mote temperature measurement and public alarming with
the utilisation of Short Data Service for transmission of
control commands and measurement data.

The modular design of the hardware platform provides the
system with a great versatility, allowing it to be adapted to a
host of telemetry and/or telecontrol applications from con-
sumer, industrial, environmental, and health-care areas.
The use of an appropriate microcontroller in a particular
application would also provide the system with sufficient
data processing capability and would adequately fulfil the
performance/price ratio of the design.
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