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PWM DC MOTOR REGULATOR IC WITH EXCELLENT
EMC BEHAVIOR

W.Marks, S.Ritz
AMS, Austria Mikro Systeme International AG, Graz, Austria

Key words: electric motors, DC motors, Direct Current motors, motor control, motor regulation, PWM regulators, Pulse Width Modulated regulators,
AS8410 IC Integrated Circuits, EMC, ElectroMagnetic Compatibility, single chip solutions, high voltage technologies

Abstract: This is an introduction to the AS8410 control IC and associated device modules for PWM DC motor control. This IC enables equipment
manufacturers to combine two features of electronically controlled DC motors, which were previously considered incompatible: High power efficiency
(>95 %) and minimal electromagnetic radiation, to include the high frequency range (RF emission significantly below VDE0O871, VDE0875, VDEO879
standards) with high PWM frequencies.

Extensive load failure diagnosis and error processing routine, as well as easily programmable operating modes, provide secure and low-cost application
over a spectrum of DG motor control application.

Integrirano vezje za PWM regulacijo DC motorja z izvrstno
EMC skladnostjo

Kljuéne besede: motorji elektricni, DC motorji na tok enosmerni, krmiljenje motorjev, regulacija motorjev, PWM regulatorji modulirani impulzno sirinsko,
AS8410 IC vezja integrirana, EMC kompatibilnost elektromagnetna, izvedbe na enem chip-u, tehnologije visokonapetostne

lzvledek: V prispevku je predstavijeno integrirano vezje AS8410 proizvajalca AMS za PWM regulacijo DC motorja. To integrirano vezje omogocéa uporab-
nikom kombinacijo dveh lastnosti, ki sta pri elektronsko krmiljenih motorjih do sedaj bili nekompatibilni: visok izkoristek modi (>95%) in minimalno elektro-
magnetno sevanje zlasti na podrodju visokih frekvenc (RF sevanje obcutno pod standardi VDE0871, VDEO875 in VDEO879 ).

Moznost nadzora in analize odpovedi bremena, rutina za obdelavo napak, lahko programljivi nacini dela omogocajo varno in ceneno uporabo tega

integriranega vezja v $iroki paleti regulacijskih elektronik za krmiljenje DC motorjev.

Motivation

The principle of DC motor speed or power/torque control
and regulation through a pulse-width modulated electronic
switch is not new. Such switch operation produced the
desired motor speed-torque control, but caused electro-
magnetic emission of significant amplitudes in a wide, main-
ly high frequency range, making an obstacle to its wide
application. Italso prevented application in EMC-sensitive
environments (e.g. automotive applications near other in-
terference-sensitive electronic systems like car radio, air-
bag, etc.) or required additional, economically questiona-
ble shielding procedures. In such cases, exclusive analog
motor control has been used, which holds the great disad-
vantage of poor power efficiency (high dissipation in the
power regulating transistor).

The tremendous demand for energy-saving, convenient,
environment-friendly (low-noise, EMC-conform) and cost-
effective devices for electric motors with variable (control-
led) speed and/or speed-torque has resulted in world-wide
R&D activities of considerable expenditure.

These developments match the increasing use of brush-
less, electronically commutated motors. To reach a broad,
low-cost electronic control systems are absolutely neces-
sary for these motors.

We developed our standard product AS8410 and the as-
sociated modules for DC motor regulators (voltage regula-
tors) with PWM control. On one hand, this allows the ad-
vantage of pulse control without the disadvantage of high
interference emission, and on the other hand, provides a
low-cost device for a broad application spectrum (for mo-
tors power-rated from a few watts to several kilowatts in
different operating modes with comprehensive load diag-
nosis and error processing mechanisms).

The AS8410 realization was also designed to generally
enable PWM control of inductive loads and/or inductance-
affected loads (e.qg. switch regulators) with very good EMC
behavior. Since automotive field application was planned
from the very beginning, all requirements for 12V or 24V
direct system operation had to be met (load dump, burst
and surge impulses on the battery supply, EMC suscepti-
bility, minimal RF emission, broad supply voltage range,
low current consumption, automatic sleep mode, etc.)

System solution and EMC- conform
operation

The AS8410 is made with analog/digital CMOS (BiCMOS)
high-voltage technology (2) and delivered in a standard
SOIC16 package. The system concept realizes an ana-
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log/digital (mixed signal) IC with primary analog functions.
It contains a complete load regulator loop. Additionally,
comprehensive load diagnosis and failure processing pro-
cedures, temperature and supply voltage monitoring and
protection are integrated.

The AS8410 operates in a supply voltage range of Vmin =
6V 1o Vmax = 34 V {or 44V) enabling direct application to
12V or 24V automotive power supply. Operating tempera-
ture range: -40 °C to +125 °C.

The remarkable feature for achieving this good EMC be-
havior is the power (switch) transistor drive method. The
power FET driver unit consists of fast current and voltage
controlled current sources, and the control of these cur-
rent sources through the instantaneous value of the on-
load (motor) voltage (slew rate regulation). Finally, the mo-
tor performance rating (rated load current) is selected
through the current control of these current sources (ex-
ternally programmable), and the voltage control realizes the
EMC-conform operation. With this application, the gate of
an external power FET and the motor voltage time variation
during the PWM motor voltage rise and drop is controlled
by the motor voltage instantaneous value. In this way, the
electromagnetic emissions of the entire control module are
minimized and almost totally dissipate in the high-frequency
range (Fig. 1). The exceptionally low emission levels, partic-
ularly in the high-frequency range, are clearly seen in Fig.1.

The motor regulator application does not require any filter
devices.

The AS8410 system concept

The AS8410 forms a complete PWM DC motor regulator
loop and consists of the following sub-blocks:

Set value input signal processing, generating the charac-
teristic curve of the regulator (see Fig. 2), feedback value
measurement (load detection at the high side of the mo-
tor), and a PWM generator (controlled by the set value and
the actual motor current value) as well as the power FET
gate driver. The control of the external power FET is effect-
ed by the special current controlled feedback sources
described above. The control voltage is generated by an
internal charge pump and is 10 V higher than the system
power supply. The AS8410 requires only one supply volt-
age, which usually is the same as the motor supply, and
ranges from 6V to 34V (Viax = 40V). Regarding the secu-
rity concept, load failure detection circuits (over current,
motor blocking, no load of the motor, or open wire, com-
mutator and power FET short circuits) as well as over tem-
perature and over or under voltage detection, are integrat-
ed. Additionally, a special circuit protects the power FET in
generator mode of the motor (coast-down of motor due to
mechanical inertia).

Sequence control is performed by a logic block, detecting
systems status (failures, operating modes) and translating
them into internal control signals and an external failure
feedback signal (operating modus 1). See Fig. 2 for
AS8410 system schematic.
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Fig. 1 Emission spectrum comparison - AS8410 controlled motor regulator versus a commercially available

solution, showing much lower RF emission using a 10A rated motor current.
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Fig. 2 Block diagram - AS8410 PWM DC Motor Regulator Circuit

Security concept

Another significant aspect in the system design of AS8410
was comprehensive failure diagnosis in the load circuitry
(DC motor and power switch) and AS8410 self-controlled
failure processing procedures (relieving the 1C-controlling
MP or IC application in systems without MPs). The AS8410
detects and treats various failure states of the power load
circuit, returns a failure report signal to the set value pin,
and performs an analog/digital failure processing proce-
dure according to the type of failure.

Load circuit monitoring is performed by analog motor cur-
rent measurement at the high side of the motor, and motor
voltage mean measurement.

The following specified failures are diagnosed by the
AS8410 in operating mode 1, and processed with analog/
digital procedures by the IC itself:

Over current or short circuit of the motor.

No load of the motor (e.g. torn belt) or open wire.
Short-circuited power switch (power FET).
Mechanically blocked motor.

Short-circuited commutator (carbon brush clogging).
Protective function for the power FET and the AS8410
itself, when motor is in generator mode (during coast-
down due to mechanical inertia).

IS SR C A B

7. Over or under voltage (supply voltage).
8. Overtemperature.

Fig. 4 gives an example of some sequences of AS8410
internal events during an analog/digital failure processing
procedure.
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Fig. 4  Example of an AS8410 motor failure processing
procedure.
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The wide application range and main
application properties

An additional aspect in the development of theAS8410 was
its wide application scope. The following functional and
parametric properties can be customized by simple pro-
gramming with external devices:

1.

Adapting to different DC motor power ratings is ef-
fected by programming the control currents at two
analog pins. With this, control currents to the gate of
the power FET-switch up to 300 mA can be delivered
on chip, so that even high-performance FET's (or par-
allel power FET's for rated load currents in the >100A
range) with effective gate source capacities of 10nF
switching time down to 150 ns are possible (slew rate
>100V/ms). Even with these short switching times,
good EMC behavior is achieved by the edge-control-
led drive. The short switching times allow relatively high
PWM frequencies (presently 20kHz are realized) with
a power efficiency of > 95 %. At the other end of the
motor performance ratings, motors with rated currents
in the mA range can be driven with the same proper-
ties.

The programming of different functional properties is

realized by two additional pins (a digital pin and an

analog pin):

2.1. Set value input mode and temperature monitor-
ing are set with the digital pin as follows:

a) Operating mode 1: The set value (motor cur-
rent or speed) is given as duty ratio of a low
frequency PWM signal. The frequency of this
signal is optional within a wide range (e.g.
10Hz, like the PWM output signal of many mi-
Croprocessors).

b) Operating mode 2: The set value is given as

analog voltage in the range O -5V atthe same
set value input pin.

c) Temperature monitoring by an excess-temper-
ature threshold, which is externally and ana-
log programmable, with two different control
modes in the case of over temperature:

Operating mode 1 brings the motor current
(motor speed) to 100 % of the rated value, if
the temperature threshold is exceeded. This
protects a system where dissipation is not pro-
duced by the controlted DC motor (e.g. over-
heated combustion engine fan-cooled by the
DC motor).

Operating mode 2 regulates the load circuit-
ry for the system temperature not to exceed
the threshold value (comparable to a thermo-
stat). This protects a system where dissipa-
tion is produced by the controlled DC motor
(or the switching transistor itself). In this case
the motor output is brought down - independ-
ent from the set value - to a predefined tem-
perature threshold value (this might even lead
to a total DC motor shut-down).

A special control was planned for cooling an
overheated combustion engine (heat accu-
mulation in a parked automobile): The DC
motor regulator control is switched over from
mode 1 to mode 2 with the ignition key. Ifthe
engine was overheated, the DC motor (cool-
ing fan) starts operating in mode 2 after shut
off with 100% PWM repetition rate, until the
permissible temperature is reached.

2.2. Within a wide option range, the regulator time
constant can be set by the analog pin using a
capacitor. Atime constantin the seconds range,
for example, enables soft regulating behavior, i.e.
relatively slow motor speed increase or decrease
toward the programmed set value.

3. In operating mode 2 the ASIC is automatically put in
power-down mode through set values of < 4 % of the
rated current (nominal speed). Current drawing is ap-
prox. 300 mA.

Despite its extensive programmabiiity, the AS8410 has only
16 pins and is delivered in a standard SOIC16 package. This
standard product is a successful, cost-effective bulk product.

The application circuitry in operating mode 1 and 2 is shown
in Fig. 3.

Fig. 3  Application circuits of the DC Motor regulator in operating mode 1 (left) and operating mode 2 (right)
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The most remarkable property of DC motor regulator mod-
ules associated with the presented AS8410 is certainly
the nearly RF emission-free (EMC complying) operation
combined with high efficiency (>95 %) and relatively high
PWM frequency (approx. 20kHz, which is beyond the au-
dible range). This enables compliance with EMC regula-
tions and application of PWM controlled DC motor regula-
tors in electromagnetic sensitive environments (e.g. auto-
motive field).

The low radiation susceptibility (> 300 mV) and the reliabil-
ity of the control modules proved successful in their multi-
ple automotive industry application.

The simple programmability for various rated DC motors,
the entire security concept, and the operating modes have
opened large application fields to the AS8410.

A glimpse of the future

The AS8410 in PWM DC motor regulators can now already
be applied, wherever the described properties result in sig-
nificant, cost-effective inherent utility increase, and favora-
ble EMC behavior of DC motor-operated equipment (e.g.
do-it-yourself machines, household appliances, automo-
tive applications, variable speed and actuating drive units
in automation systems, etc.). With this PWM control, DC-
DC converters can also be applied (good EMC behavior).

Advance developments on the basis of the AS8410 deal
with the system concept (e.g. brushless motor control, ef-
fective speed control, etc.), single system components,
and motor control/regulator ICs with convenient pP inter-

face and, on the other hand, control/regulator [Cs that
provide a single chip solution to the mass market of con-
trolled DC motors.
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PWM LESS CURRENT CONTROL AT VSI-IM DRIVE

Zarko Cucej, Peter Cafuta, and Rajko Svecko
University of Maribor, Slovenia

Keywords: electric motors, IM, Induction Motors, FOC, Field Oriented Gontrol, current control, PWM inverters, Pulse Width Modulated inverters, VSI,
Voitage Source Inverters, VSC, Variable Structure Control, BLSC, Boundary Layer Switching Controllers, SCC, Switching Current Control, time-discrate
switching variable structure control, optimized mappings

Abstract: This paper discusses time-discrete field oriented variable structure current control of induction motor - voltage source inverter system without
use of a pulse-width modulator. The controller is supplemented by feedforward selection of optimized mapping of controllers into voltage source inverter
states. This proposed approach of direct inverter control depends on the boundary layer control, and the sign, nominal value and maximal values of the
back e.m.f. estimate. It lessens back e.m.f. influence on chattering and makes it possible to extend the field angular velocity range of constant rotor field.
Boundary layer control separates variable structure control modes. Supporting preassigned switching order and control objectives is assigned to each
attraction domain.

Tokovna regulacija skupka napetostno izvorni pretvornik -
izmeniéni motor brez uporabe modulatorja

Kljuéne besede: motorji elektri¢ni, IM motorji indukcijski, FOC krmilienje v orientaciji polja, krmilienje tokovno, PWM inverterji modulirani impuizno
Sirinsko, VSl inverterji napetostno izvorni, VSC krmiljenje s strukturo spremenljivo, BLSC, krmilniki komutacijski plasti mejnih, SCC krmiljenje toka komuti-
rajo¢ega, krmilienje s strukturo spremenljivo ¢asovno-diskretno, preslikave optimirane

Povzetek: Clanek obravnava éasovno diskretno tokovno regulacijo s spremenljivo strukturo v poljskih koordinatah skupka asinhronski motor - napetostno
izvorni pretvornik brez uporabe modulatorja. Regulator je izpopolnjen s predkrmiljenjem izbiranja optimaine preslikave stanj v stanja pretvornika. Ta pred-
log direkinega krmilienja pretvornikov je odvisna od rezima regulacije in predznaka, minimalne ter maksimalne inducirane napetosti v motorju. Z njo se v
veliki meri kompenzira vpliv inducirane napetosti motorja na drhtenje. V primerjavi z obic¢ajnimi resitvami omogoéi tudi razsiritev vrine hitrosti pri konstant-
nem rotorskem polju. Pasovni regulator razmeji rezime regulacije s spremenljivo strukturo. Vsakemu rezimu predpise atrakcijsko domeno, ki omogoda
predpisano zaporedje prekiapljanja in kriterije kvalitete regutacije.

1 Introduction tained average current error is smaller than at direct switch-

ing control, this solution has some serious limitations. Dis-
For an Induction Motor (IM) the Pulse-Width Modulation turbances should be smooth and limited, control robust-
(PWM) of the Voltage Source Inverter (VSI) plays an impor- ness depends on the disturbance estimator used, and PWM
tant role in the control system, since not only the level but properties are uncontrollable.

also the phase of input signal must be controlled. These
occur as certain disadvantages of PWM inverters because
they are determined by the characteristics of PWM and are
not addressable by controllers /1/. These drawbacks can
be eliminated by switching the variable structure (which has
a direct control VSI - IM system) constructed by signals as
the position, velocity, and currents, which contain infor-

In this paper we present the Boundary Layer Switching
Controller (BLSC) used in Field Oriented Control (FOC)
adapted with a feedforward steering selection for mapping
of the controllers states into VS| states. Using BLSC the
fixed order switching is determined, and to each of its phas-
es mapping is optimized in regard to the following control

mation about disturbances and parameter variation, con- objectives:

sequently the entire control system is completely accessi- - sliding mode reaching time,
ble to control and can be optimized in a Variable Structure - average current error offset,
Control (VSC) design. - chattering,

i ] ) i o - VSl switching losses.
Unfortunately, time-discrete implementation of switching

type VSC causes chattering, degrading all the benefits of Mapping optimization compared to /6/ involves zero volt-
direct switching control. In /2/,/3/ we describe chatter- age vectors. This introduced feedforward selection is sim-
ing reduction using hysteresis controllers and in /4/ using ilar to predictive current control /7/, except that: (i) the
finite automaton. The recent article /5/ proposes quasi control is still VSC, and (i) instead of back e.m.f., only in-
VSC implemented with a first order deadbeat controller and formation about the field velocity sign, and minimal and
a space-vector PWM. Regardless of the fact that the ob- maximal values of back e.m.f. estimates are used.

This work was supported in part by the Slovene Research Ministry under Grant J2-1644-0796-99.
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This article is organized as follows. Problem presentation
with description of VSI, IM model and a summary of VSC is
contained in section 2. In section 3 the proposed control
with compensation of back e.m.f., feedforward steering
and design of ST is given. Results of simulations are col-
lected in section 4. This article ends with conclusions and
appendices containing derivation of zero dynamics, IM
model and analysis of stability for use of zero voltages.

2. Problem presentation

M is feed by a 3-leg bridge VSI supplied by DC voltage E
and direct controlled by current switching controllers in the
inner loop of FOC. VS| has eight states, which determine

six active voltage vectors u, ,k =1,...6 with constant ampli-

tude u, =2E/3 and two zero voltage vectorsu, € {u,,u, }
(Fig. 1).

u(0,1,0
= d
=u1(0,0,0)
u, = =u(l,L1)
u(0,1,1) _ Uy =
u0,0,) “U0D

Fig. 1:  Voltage vector representation from the d-q
frame perspective, inverter, and load circuit.

A symmetrical, 3-phase IM with Y stator windings with a
galvanic isolated central tap is considered. Its voltage model
in d-g frame is described by the following MIMO system:

uy = Ris + Ly, pigy + ¢, , 0€ {d,q}, (1)

where u =[d q] is stator voltage vector, Ry and Ly, are
rotor resistance and rotor leakage inductance respective-

lv, ¢, is sum of back e.m.f. and crosscoupled voltages

(e,=e,+e,, ¢, =¢,+e,), and pi=di/ds . Latter, in the

dq div Cq 7 gi

design we use a simple modified model:

Lo, Pigy = Uy — € (2

which is derived in Appendix C.

21 FOC

We assumed that FOC has a multi-loop structure and is
sampled every T, seconds, i.e. algorithms are implementa-
ble in the digital signal processor. Outer loops contain state
controllers and estimators for the load torque 7, , rotor

magnetization current i, , and angle ¢ . They are respon-
sible for the tracking of drive kinematics variables and the

regulation of i , . Field weakening is not considered. The

selection of design coefficients ¢, ¢, , and ¢, (elaborated

in Appendix A and Appendix B) of outer control loops should
guarantee stable zero dynamics with a stationary point:

G=¢=wy,=0and ¢=¢=y,=0. Outputs from outer

REF

REF
loops g,

« serve as command values for inner

and |
current control loops.

2.2 Current variable structure control

The control problem being considered is a determination
of sequence and the duration of VSl states, so that by track-

ing I8 and i* the drive FOC is satisfied:
Sq sd

T -
+REF .
§= [sd s, | =iy —ig=0, (3)

i.e. VSC is established in stator currents error space [ 2
where s, =0, 0€e d, g are switching subspaces. This for-
mulation embraces the control of stator currents and mod-

ulation of VSI outputs as one problem, which is solved by a
MIMO VSC.

It is well known /9/, /10/, that the design of VSC can be
done by satisfying a reaching condition. In FOC the torque
and magnetization control are decoupled, meaning that the
MIMO current control is designed by two independent
controllers, which fulfill reaching conditions written in com-
pact form as:

Syt 8,8, <0 (4a)
Spt $,8,<0 (4b)
So: Sp NS, (4c)

by discontinuous control:

b= vy if s,>0
"l it s, <0 ©)

with discontinuity on the switching subspaces S, . The set

T
of control vectors v = [v(, vq] €v;, j=1,...4 is present-
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edin Fig. 2a. Control (5) ensuring (in ideal circumstances,
when switching frequency is infinite) or sliding on §, with
reaching to S, , or sliding on S, with reaching to S, either
sliding on §,. Only in the last case is the request (1) com-

pletely satisfied.

The PWM's less mapping between control vector v and
stator voltage vector u gives IM stator voltage equation (2).
Combining (4a), (4b) and (1) gives:

[l =2E3=1 .
0.96 e

Fig 2:  Presentation of control vectors (a) and
mapping range (b).

5o <0, u,>e¢

5, >0, u, <e, ©

t:—[:L(leO —e, ):}SO <0

So

f VSC, for control robustness is designed at max ]eol , for

mapping v — u from (6) it follows:

v, when uko<—maxleo’

Vo = Uy () = 7)

+
vy when u,,>max ’%J
Due to the rotation of the active voltage vectors and their

angular displacement at 60°, the mapping v — u links

control vectors {vj} with four angular sectors {191.} in d-q

frame containing voltage vectors {u, } involved in mapping.

The sectors placements depend on terms ¢, (or d,, see

(31) in Appendix C), but in the case of (7) only on their
maximal amplitude. Therefore angle sectors are placed

symmetrically as are the symmetrical control vectors v,
(Fig. 2b).

2.3 Implementation of decoupled
switching current control

This described current control is named decoupled Switch-
ing Current Control (SCC). It is of simple structure (Fig. 3)
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and can be simply implemented using digital signal proc-
essors. ST performs mapping where selection of columns
addressed by 0 quantizer performs an inverse transfor-
mation from d-q to abc space.

Time discrete implementation of the decoupled SCC caus-
es inverter outputs to have a finite pulse such as pulse width
modulation. Their duration is equal to one sample interval
and occasionally to an integer muitiple of Ts. Therefore the
decoupled SCC is never in SM. Consequently difference

in control vector amplitudes, i.e. [ve I=1vs |=|e, | cause
offsetin |€<> ] and subharmonic oscillation {(in regard to fre-

quency 1/T,) of local average of |, | (determined by sta-
tor time constant) causing torque chattering.

aq . yleq 8HC
L

switching |-
" table (5T)  |————| VS
S g
L 3 ‘
8 1 Uy =
s {pauantizer u(a,b.c)
o {{on 15 sectors)
i kH pA
(&) y o

, Y ,
i(d,q) Rapg) , isa,bic)

Fig. 3: Realization of decoupled SCC.

The other important drawbacks of mapping (7} are: (i) zero
vector voltages are uninvolved, and (ii) for components of
the selected voltage vector the following holds

u,|, (8

max |, | = max‘uq‘ and min|u,| = min

which limits the velocity range of nominal magnetization
to:

max e, <0,25(2E/3) (9)

Absence of zero voltages cause high total switching fre-
quency of V3I (at least twice that of 1/T.), consequently
VS| switching losses are very high.

3 Proposed switching current control

Decoupled SCC performances are well enhanced with
Fixed-order sliding mode switching scheme /10/, where
the sliding mode takes its place in a preassigned order
while state is traversing the state space:
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- moving along S, only in initialization phase during the
establishment of nominal rotor magnetization;
- in regular control it mode moves in order

S, =5, (10)

and then maintaining limit cycle around S, . Mappings sup-
porting (10}, should adopt attraction to VSC modes. For

S, the minimal S, reaching time is requested, after reach-

ing S, it is desirable to maintain the limit cycle around s-

origin so, that the current ripple is redirected from torque
into magnetization control (where it is well dumped by large
rotor lag) and in VS| switching sequences the minimal
number of switches is involved. This is achieved by delib-
erate use of zero voltage vectors in mapping.

3.1 Boundary Layer Switching Control

The fixed-order sliding mode switching scheme is made
possible by the Boundary Layer Switching Control (BLSC),
which separates the associated VSC modes. According to
above description it has to differentiate between three VSC
modes:

- mode of moving along S,

- mode of limit cycle at S, which has two phases:
- phase of obeying (4b).
- phase of obeying (4c).
These modes besides the mapping range presented in Fig.

2b, which accommodates attraction domain 4,,, need
two further domains:

- domain A, belonging S,, where v_,v; are mapped
into u with minimal amplitudes of 1, fulfilling (6), and
v;,v; into u with maximal amplitudes of u,,,

- domain A, belonging S, where mapping requests

are opposite o requests for domain A, .

BLSC, which fulfills the above requirements, has three lay-
ers of coaxial arrangement with a center in s-plane origin
(Fig. 4).

dornain A g

domain A, G

Fig. 4: Borders and discrete VSC modes.

The borders between attraction domains are determined
by the current error caused by maximal voltage amplitude,
which arises in a stationary condition in one sampling in-

terval. Using the estimation of s, with difference As, /T,

for border between A, and A,, we can state:
[lu]]
b1, (11)

For inner border (between A,, and A;) we consider in
(11) maximal allowed back e.m.f.. Because

lull .,
max | e, |

(12)
it follows, that in g direction the inner borderis b/2 . Bound-

aries in d direction we settled to L& . This choice is based
on a consideration that in the limit cycle around the error

plane origin (s =0) a sequence of voltage vectors could
be formed, where zero voltage vectors follow each active
vector. In this case the border in d direction should be at

least so far from the origin of s-plane that s, , i.e. current

d?
error in d direction can be zeroed by max |u, |. Thus bor-

ders in d direction should be calculated similarly to bor-
ders in g direction, i.e. by (11) with consideration for ade-
quate voltages in d direction. Because

max |u, |= max |u, | and max|e, |<max]e,| we justify

aforementioned choice of b for d direction.

Note, the boundaries are tied to the sampling interval T,

and their size actually determines the duration of sampling
interval. In many IM control designs, the value of the sam-

pling interval 7 is influenced more by desired rotor field

angular accuracy, the rms value of stator current chatter-
ing, and inverter volume power density than by IM dynamic
requests. One of this project’s goals was to make the sam-
pling interval as short as possible in regard to the limita-
tions of the used digital signal processor. The target value
was 25 us.

3.2 Compensation of ¢,

Use of zero voltage vectors i, 1, in mapping during fimit

cycle reduces offset and chatter of s, local average (in
interval determined by the motor's time constants respec-
tively), but for dump these phenomena, ¢, should be com-
pensated.

Due to switching controllers they cannot be compensated
by subtraction of ¢, as is done for predictive controllers /
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/7/. Rather, the slowly-occurring magnetization offset
(caused by e, ) is minimized by rotor magnetization control

(see Appendix B), and oscillation of local average of s,

causing torque chattering, is effectively minimized by map-
ping with property

|v;|: v;| (13)

From (7) at ¢, >0 follows v, =u, +e, and v; =, —e,

where i

q°

u, denotes voltages to which v, and v, are

mapped, consequently the above equation can only be

fulfilled if at least the sign, min and max of €, is known. By

q
rough linearization of u, =[u||sin o, considering e, >0

and limit min (v; ) = max (eq) , after a short calculation we

obtain:

mm’u;‘ =-—mine, (14)

This suboptimal solution enables a simple construction of
the angular sectors distributions. Moreover, exact calcula-

tion in the case of min e, ) is by (7) limited to (14).

Mapping, considering (13) and (14) and the preassigned
switching order is then:

v, when s,>0

Mk(l(l[))_—e([ — + (153)
v, when s,<0
v, when u, >-minle,
y(P)=e, =1 | (15b)
v, when u, <maxle,
v, when u, <minfe,
lef/(p)+eq - {15¢)

+
v, Wwhen u,>-maxle,

where (15b) and (15c) are valid for positive and negative

e, respectively.

The position of angular sectors 6’}., containing vectors u,
is determined by the geometric relationship between [uq |
and |u(p)| at p;; and Py, where angles 0, and 0,
denote the beginning and end of angular sector z9j (Fig.5).
At >0 for odd sectors p,, and p,. can be generally

written as:
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mine, _ N mine,
» SN p3B - “ u “ . (16)

[[ac]

Sector ¢, is placed in o, < p< P, +5 and similarly for

sin o, 2

sector ¢ hold 0,, < p < p,, +%. Whenhold <0, then
we obtain:

mine, ' mine,
3 Sin p}B S “ u ” . (17)

i

The position of even sectors ¢, and 9, are symmetrically

sin p,, =

over g-axe to position of %, and 1, respectively.

Zero voltage vectors take place in A, domain only and their

selections is independent of field angle p . They are ap-
plied according to:

if u[fn-DT]=u, vu, vu, vu,
then u(nT,)=u, (18)

else u(nT,)=u,

where nT; is the sampling instant. This selection gives

minimal VSI over-switching at the voltage vectors change
[2]. As this is excellent for VS| and enables good compen-

sation of e, it should be noted that at zero vector voltage

the IM is effectively allowed to coast. Control seems to be
lost during this time, but stability is still preserved because
besides conditions (33) and (10) the following condition

signsq :signeq (19)

is also fulfilled (see stability analysis in Appendix D).

G o,
L) oy
v j/ Q'}f&i <Q sl +5

max|e; |
minje; [=0 U3
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sector By: 7 A
Jop <0s=dop—%

N max]e;, |

s ' min|e;, |=0

“asector O/

/| e sector
M/ _/ % ‘\El@ iﬁa% -2

o

Fig. 5. Determination of p,, and P in nominal field
angular velocity range.

3.3 Implementation of proposed current
control

The structure of the proposed current switching control is
shown in Fig. 6. BLSC is implemented by a 2-dimensional

4-level quantizer separating the attractors domains A, , ADQ

and AQ . Switching table ST is result of logic superposition
of angular sectors determined in subsections 3.1 and 3.2
respectively. Feedforwarded o is quantized by a four-lev-
el guantizer. It determines max and min value of back e.m f.

(because e, =¢, +e, , whereas constant field is propor-

tionalto o and ¢, variesaccordingto p andfast i, , itis

dg
simple to evaluate maxe, and min e, for positive and neg-
ative angular velocity range of ). in the case, where dis-
tinguishing between A, and A, domains is less impor-
tant than maximal @ with constant rotor field, the voltage

range for A, can be exploitedin A, domain. Thisin com-

parison to decoupled SCC enables to doubling of the o
range of the constant rotor field, Table 1.

swifching | .~J'S
fable (ST} v

» ﬂ i

[}

% T ™Y

2 o

= feedforward

£ steering

§ | pQuantiz w(a,b,c)
§ g(,O,nLS,

=

o

1 ‘“B pA
g : L 2
is(d.q) Fame y ig(a,b,c)

dq ™

i

Fig. 6:  Proposed control with mapping and
feedforward steering.

Table 1: Pairs max e, - mine, in nominal and extended

velocity ranges. g is maximal p range of SCC.

velocity range max e, mine,
Psce 2 p 20 0.25(2E/3) | 0
0202=Pgec 0 ~ 0,25(2E/3)
2Pscc 2 P = Psce 0,5(2E/3) 0,25(2E/3)
P 2P 2P | OBREB) | - 05(2E0)

ST consists of 9 subtables, see Table 2. They are addressed

by attractors domains A; and angular velocity range p;.
The rows in the subtable are determined by the signum
functions of BLSC. Columns are addressed by © quantiz-
er determining 24 angular quants &. . The inverse transfor-

mation from d-q to abc frame is the domain of columns.
Determination of zero voltage vectors according to (18) fol-
lows ST.
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Table 2: Switching table (ST). The VSI switches states
are denoted by the corresponding voltage
vectors.

6: 0zp=2-%

v "'lezz 81162193!94165‘66‘67l68‘99

subtable #1: Ay Pscc > P> —Psce

v, A AR

4. Simulation

A property of the proposed control with feedforward steer-
ing of optimized mappings has been evaluated by simula-
tion. Data for IM, VSI, controllers, and perturbed tracking
task considered in simulations are collected in Table 3.

Table 3: Motor, inverter, controllers, and task data.

Motor: four pole, 1480 rpm, Y connected stator windings with

&) U (U (W (U W (W W, W W isolated central tap
v, oWy (W (U Uy Uy Uy U U U | Parameters: R, =0,65€ L, =1,65mH T, =4Nm
2
v, el W U U, Uy 1 | U (U | U | U f,e~0,123 J =0,000656 kgm
subtable #2: Ao; pscc >p>0 Inverter: 3-phase bridge, supply voltage £ =310
W, (u, (u, |u, |u, |ufu |u |uu Control SCC proposed
4 T L 7 L0 W T el LR BLSC border: b - 3A
V) L LU N N LR RS LR LS AR LA magnetization reference iy 4,75 A 4,75 A
Vs Uy Uy (U (UL U (U (U U Uy U Kinematics: ¢ =70000, ¢, =1000, ¢, =100
v, AL AL Perturbed tracking task:
subtable #3: A,; 0> P> =P 471 [rad]
- position @ /
v, AL AR IAAAR RS T et
v, LA AU AU AR NS z}})gtlléil{T‘i‘f"
Vs oW U (W (U U Uy U (U U (U | velocity & .
v, U W Uy Uy (T U (U U Ll U | w00’

subtable #4: Ay ; P > 0 >0

v, LA AL A A AL
v, ol \u U lw g w \u wu,u,
Vi, VY, zero voltage vectors, determined by (18)

subtable #5: Ay; 0> 0>~ P
V.V, zero voltage vectors, determined by (18)
v, el W Uy U |
v, LA

subtable #6: Ap,, Agi P> Pocc

v e ug u g g g g g |
v, | ug lug (u |u u a,a,a, a a,
Voo e w | uy uy us uy ay ay ay|
v e ug wg lug lug (uy | uy g g |
subtable #7: App, Ay = Pecc > P
v e g g g ug g g |ug (| |,
v, | lug lug g | g | | u, u, a,
Voo | wg (uy u, | g ay g | uy
v, | lwg ug ug | g g g g g

subtable #8: Ay 0 > Dgoc

v, LA AU AU
v, U (WU uu U, W, U, U, | U,
Vi, Y, zero voltage vectors, determined by (18)

subtable #9: Ay = Dgoc > P
V..V, zero voltage vectors, determined by (18)
Vs, s Uy Uy Uy (U | Uy (U (U (U (U [T |
v, LA AU AL A A A2

300 - v
200 -———J______J
100 :

* i * i ‘ 1 . 1 i b - t
1020 30 40 50 [ms]

load and inertia
perturbances [%)]

The chosen task enables testing of the proposed mapping
in all VSC modes. Simulation starts by initialization, where

the nominal rotor magnetic field is established, then AQ

and A,, follow, which are disturbed in 15 milliseconds

with a change of the load torque. It pushes VSC into RM.
The perturbation of the inertia J is used for evaluation of
the robustness against IM parameter variation.

To show the properties of the proposed mapping, a com-
parison to SCC (characterized by Fig. 2b and presented in
Fig. 3) has been made. The significant simulation resuits
are collected in Table 4, and shown in Fig. 7.

From these results it follows that the proposed mapping
with optimized voltage patterns has several advantages in
comparison to SCC:

- the number of switches involved in voltage vector
switch-over and the number of voltage vector chang-
es are reduced by 60 % and 40 % respectively,

- chattering of i, is reduced by 40 %,

- reduction of (i), 1,73 % slightly reduces motor losses,

rms

- the angular velocity range of the constant rotor field is
doubled,

- tracking of kinematics variable is slightly improved.
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Table 4: Simulation results.

parameter SCC | proposed
nax (i, )—min (i, ) (A} | 2026 | 1083
ZS; [A] | 1251 | 1262
(is,) (A] | 1339 | 1297
max (z‘sq )— min (z’Sq )]/z_;l 1,62 0,87
max (isf/ )_ min (i&z ) (Al | 492 5.9

iSq (A} 0,93 0,57

([Sq ) Al | 1,98 2,17

() Al | 1339 13,15
s

u changes frequency [Hz]| 19800 11400

total switch-over freq. [Hz] | 48200 18800

end position eror A [rad] | -0,087 | -0,066

The complexity of the algorithms and the target sampling
interval was tested by implementation of algorithms on the

reference solution:

de-coupled SCC -2+
from Fig. 3 A®
g e o P oees
S
001~

-0.02 /

proposed solution

Fig. 7.

floating point digital signal processor AT\&T C32 using a
40 MHz clock. The following results were achieved:

- the boundary layer controlier with feedforward steer-
ing needs about 4 us, and

- the measurement of iy, and i;,, and the calculation

of p need about 14 us .

From the above it can be concluded that the sampling in-
terval of T, = 25 us at IM servo-drive system with proposed
current control can be easily achieved.

5. Conclusion

The presented PWM less switched field oriented control
with feedforward selection of subtable with optimized map-
ping has been investigated analytically and evaluated by
simulations. The obtained results show that the proposed
switching current control significantly reduces the draw-
backs of decoupled SCC, i.e. chattering, offsets and in-
verter switching losses. The achieved improvements are
based on the deliberate use of the reaching condition re-
sulting in of preassigned switching order, time scale sepa-

25 1 lIsd-lsq

-5 5
80t Isg 25 Isd - Isq
20
5
5 s d=0 5

Tracking the disturbed task simulation results for SCC (top), and BLSC (bottom). T, =25 us, [A] Ap = ¢ — @

[rad], s_dands_qare s, and s, respectively. Trajectories of i, are atp = 4,75 [rad] at the indicated 5 ms intervals.
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ration of FOC and the use of feedforwarded p Using these

measures, more current ripples are directed into magneti-
zation (where it is well dampened by rotor lag) than to torque
generation.

Preassigned switching order also enables the employment
of zero-voltage vectors. Their use reduces deviation of the

s localaverage at S, , thus reducing the chattering, as well
as the total inverter switching frequency. With feedforward-
ing p becomes possible the compensation for deviation

of the local average s, at active voltage vectors and also it

enables extension of p with nominal rotor field.

Finally, it is worth mentioning that despite to all refinements,
current control still has a relatively simple structure, which
can be efficiently implemented in digital signal processors.
The proposed VSC with voltage mapping is also imple-
mentable in all symmetric 3-phase motor types.
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Appendices

A. Kinematic tracking
The drive dynamics is described with

Jo = Tg -7, (20)
where @ = (0 is rotor angular velocity and Jis drive inertia

constant or variable as load torque T, . By tracking, kine-

matics’ variables @ (speed) and @*** (rotor position)

are prescribed functions. IM delivers electrical torque de-
coupled from magnetization by FOC:

2P L

n

o § 2 LSLR

I'leSq = kmlS(/ , (21)

where P is number of the machine poles, L, L, and L

are mutual, rotor and stator inductances respectively, i,
present rotor magnetization current /8/. The rotor field an-
gle:
. 2 i,
Je; :f,odt :f P+ =20 dt (22)
P lmR
is determined according to the rotor lag 7, . If an error of

position, angular speed and acceleration forms a linear
combination, then the control task can be determined as:

cetc,eteé=0 (23)

s REF

REF REF and C’ — ¢_ (0 are

where e=gp—-@™", é=¢—¢
the position, angular speed and acceleration error respec-
tively, and ¢, and ¢, are positive constants. From (23) fol-

lows
=" ~ = ce—Cye (24)

and considering (20) and (4) the current reference is given
as:

oonJ T
zSRqu = (Cle +c,e+ qﬁ)k——j (25)

m mn

where fl is estimated value of 7, . From (25) follows, that

e, ¢,and gare projected on a current error plane as cur-
rent errorin g-axis direction of FOC. Maximal ratio between

them and | s ||, is bounded by the selection of constants

¢, and ¢, regarding stability and robustness of the con-
trolled system.

B. Rotor magnetization control
If the rotor magnetization is represented by the rotor mag-

netization current

.

= /8/, then the magnetization model
is determined by:
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Z-R pimR + l.mR = iSd ' (26)

Magnetization due to FOC is a slow process, in relation to

torque production; thus, the offset caused by e, can be
minimized by a suitably designed magnetization current
control. Using the same reasoning as kinematics tracking,
the magnetization current error is expressed as

_GREF T
€ = lur Lur (27)

where I . is an estimate. The current reference is:

SREF Lg l’m

REF _
——C3€ + plmR R
TR R

Ly (28)

m

C. Modified induction motor model

After calculating iso from (4), the equation (3) rewritten in

the error form /11/ becomes:

D :REF REF .
U (P) = Rglgy — Ry, + L, Pisy = Ly 85 + e,

(29)
and when rearranged is
Le, Sy =1, (0) ~ Rys, —d, . (30)
The term
dy = Ly, pisy” = Risy" —e, 31

collects all the disturbances (exogenous and endogenous)
acting on the system. It is known that the current tracking
problem (3) is equivalent to the stabilization of {30). Be-

cause Ly, and R, are semipositive values, the term —Rgs,
is always stabilizing, i.e. any feedback that stabilized (31)
with R, =0 also stabilizes it with R, > 0. Moreover, the
stator windings resistance in IM is usually low, and the term
—Rgs, can be neglected. Furthermore, considering that

ig," during the sampling interval is constant, its derivation

is zero. From (31) it follows that d, = e,. Hence, the sim-
plified model
Lo, 55(0) = u,5(0) — €, (32)

is assumed in presented design.

D. Stability analysis

For attraction domain 4, the reaching condition is derived
by second Lyapunov method /9/ from quadratic form

1ss’, V>0 as:

V=38,8,+s,5,<0. (33)

Considering simplified IM model (2) at constant rotor field,
where pi,, =0 and consequently ¢, =0, condition (33)
can be written as:

V: S(I
L

So

[ukd (/0) - e(l{/] * ;q [ukq(p) - ei(/ - e(/q:l < O
So
(34)

In the case of selected zero voltage vectors (34) becomes:

V=

S(/ [ LS“/

—611[[} - [eiq + ed(/ :J = O (85)
LSO‘ LSO’
and it is also evident that it is negative as longas o #0

and the condition (19) for selecting of zero voltage vectors
is fulfilled.

In the case of p =0, (34) is equal to zero, meaning that
the system is at a standstill. But there is an assumption for
neglecting the influence of RS for simplified IM model is

not valid anymore, consequently full IM mode! had to be
considered in (33). Assuming selection of zero voltage and

that during sample interval if™ is constant, (35) becomes:

V=St g g
= stsa — stsq (36)
LSO' LSU

which is negative until the condition (10) is satisfied, since

according to (19) signs of s, and e, are reciprocal. Those
facts can serve as proof of the following theorem:

Theorem: Zero voltage maintains sliding along switching
lines, or limit cycle around the error plane origin, if and
only if their use satisfies the conditions of (10) and (19).
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TESTABILITY ISSUES OF SYSTEM-ON-CHIP DESIGN

Franc Novak
Institut “Jozef Stefan”, Ljubljana, Slovenia

Keywords: microelectronics, SOC, System-On-Chip, SECT IEEE P1500, Standards for Embedded Core Test, design, testability, IC, integrated circuits,
embedded cores, core wrapper, computer languages, CTL, Core Test Languages, testing strategies, TAM, Test Access Mechanisms, STAM, Serial Test
Access Mechanisms, Automatic Test Equipment, BIST, Built-In Self-Test, STIL IEEE P1450, Standards Test Interface Language IEEE P1450, WiP,
Wrapper Interface Port, WIR, Wrapper Instruction Registers, WBR, Wrapper Boundary Registers

Abstract: The paper describes current trends in standardisation of design-for-testability approaches for complex circuits with embedded cores also
referred to as system-on-chip. The concept of core wrapper and the corresponding core test language, the main two issues of the forthcoming IEEE
P1500 Standard, are briefly introduced. Possible strategies for test integration of cores conforming to the standard are discussed. References to the
available IEEE P1500 Standard documents and papers are given. The goal of the paper was to enlighten the issues that may be of most interest to a
potential user/designer in the applications of our national electronic industry.

Upostevanje zmoznosti testiranja pri nacCrtovanju
sistema-v-Cipu

Kljuéne besede: mikroelektronika, SOC sistem-v-chip-u, SECT IEEE P1500 standardi za preskudanje jeder vgrajeno, snovanje, preskusljivost, IC vezja
integrirana, jedra namenska, ovoj jedra testni, jeziki racunalniski, CTL jeziki za opis preskusanja jeder, strategije preskusanja, TAM mehanizmi dostopa za
testiranie, STAM mehanizmi dostopa za preskusanie serijski, ATE oprema za preskuse avtomatska, BIST preskusanje vgrajeno vase, STIL IEEE P1450
standardi za jezik preskusevaini vmesnigki, WIP vrata ovoja vmesnika, WIR registri ovoja instrukcijski, WBR registri ovoja mejni

Povzetek: V ¢lanku opisujemo sedanje smeri razvoja standardizacije postopkov nacrtovanja zmoznosti testiranja kompleksnih vezij z vgrajenimi namenski-
mi jedri, imenovanih tudi sistem-v-Gipu. Na kratko sta opisana zasnova testnega ovoja jedra in jezik za opis testiranja jeder, ki predstavijata glavni znacilnosti
prihajajodega standarda IEEE P1500. Opisane so strategije povezovanja jeder, ki ustrezajo standardu, v sistem, ki ga bo mozno udinkovito testirati.
Navedene so reference na dokumente o standardu [EEE P1500 dosegljive preko spletne strani delovne skupine ter objavljene ¢lanke in referate. Cilj
prispevka je osvetliti tiste vidike standarda, ki bi bili najzanimivej$i za potencialnega uporabnika/nadrtovalca v aplikacijah domace elektronske industrije.

core design involves two parties: core providers and core
users. In most cases, the core user (i.e., system integra-
tor) does not have the knowledge about the design of the

1 Introduction

Recent technology advances allow to integrate functions

that have been traditionally implemented on one or more
complex printed circuit boards into one single IC, often
referred to as system-on-chip (SOC). The development of
this new class of ICs is based on the design technique
which integrates large reusable blocks (i.e. cores) that have
been designed and verified in earlier applications in prac-
tice, /1/. A core may be soft, firm or hard, /1/-/4/. A soft
core is a synthesizable register-transfer level code of alog-
ic block. It allows much flexibility to the designer and can
be realised by different technological processes. A hard
core consists of a technology-dependent layout and lacks
flexibility since it has been optimised for a given perform-
ance requirements. A firm core contains a gate-level netlist
that is ready for placement and routing and thus represents
a compromise between the two. Embedded cores provide
a wide range of functions, like CPUs, DSPs, interfaces,
controllers, memories, and others. The advantage of em-
bedding reusable cores in the design of a new product is a
shortened design cycle resulting in reduced time-to-mar-
ket and reduced cost.

The design of a complex system-on-chip normally requires
expertise in different technology areas which is difficult to
find in a single design house. Consequently, embedded-
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building blocks (cores). Itis neither the interest of core pro-
viders to reveal design and implementation details in order
to protect their intellectual property. However, the core user
is responsible for manufacturing and testing the whole sys-
tem-on-chip including cores, interconnect logic and possi-
ble additional user-designed logic. Complexity of the de-
sign and limited knowledge about implementation of cores
make the problem of SOC testing rather challenging to the
core user. The problem could only be adequately handled
by involving both core providers and core users in a joint
effort to develop efficient test solutions. In order to provide
an independent openly defined design-for-testability meth-
od for integrated circuits containing embedded cores, an
initiative to develop a standard has been taken by the
IEEE P1500 Working Group, /6/.

2  Testing of core-based chips

The SOC designer (core user) has limited knowledge about
the adopted cores and he cannot develop adequate tests
for them. The core providers need to provide tests for the
cores and all the necessary information (i.e., test patterns,
timing and protocol description). A SOC normally consists
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of cores from different providers and the integration of dif-
ferent core tests into a composite SOC test may become a
difficult job because of the diversity of descriptions and
test implementation details. Core internal tests need to be
described in a commonly accepted way. The forthcoming
|IEEE P1500 standard defines standard format (i.e., Core
Test Language) for the description of core test /6/.

Conventional production test of assembled boards con-
sists of a sequence of separate component tests, bare
board test, static test of assembled board (detecting shorts
and opens) and dynamic functional test (detecting timing
faults). In the case of testing SOC, all the above tests are
merged into one composite test instance. Furthermore, in
most cases direct access to the core terminals is not pro-
vided which makes it difficult to run internal tests of deeply
embedded cores. The principle of embedded core testing
is presented in terms of conceptual test architecture /3/
consisting of test pattern source and sink, test access
mechanism (TAM) and core test wrapper (Figure 1). In
order to test a core, a test source (i.e., test pattern gener-
ator) generating test stimuli and a test sink (i.e., response
compactors, current monitors, etc.) collecting the test re-
sponses must be provided. Test access mechanism trans-
ports test patterns from the source to the core and test
responses from the core to the test sink. Finally, the core
test wrapper, a thin shell around the core, provides inter-
face between the embedded core and its environment. It
connects the terminals of the core to the rest of SOC (in
the normal mode) and to the test access mechanism (in
the test mode). The IEEE P1500 Standard defines the struc-
ture and the operation of the test wrapper /6/.

SRAM,

S

,

M DRAM

controller

Embedded core testing involves source,
sink, TAM and wrapper

Figure 1:

The described test architecture is implemented in various
ways depending on the type of the core (i.e., logic, mem-
ory, analog or mixed-signal), type of pre-defined tests pro-
vided by the core vendor, and required test quality. For
example, test patterns can be generated by external auto-
matic-test-equipment (ATE) or built-in self-test (BIST) logic
implemented in SOC. Likewise, test results can be evalu-
ated by external ATE or compressed to a signature and

compared to a reference value by the BIST logic on SOC.
More details on this are given in Zorian et al. /3/.

3 IEEE P1500 Standard for
Embedded Core Test (SECT)

Activities on IEEE P1500 SECT started in 1995, and have
been officially approved by the IEEE Standards Activities
Board in 1997. The work currently focuses on a standard
for testing digital logic and memory cores, future exten-
sions will include also analog and mixed-signal cores. The
mission statement defines the following scope /6/:

“This project will develop a standard test method for In-
tegrated Circuits containing embedded cores, i.e. reus-
able megacells. This method will be independent of the
underlying functionality of the Integrated Circuit or its
individual embedded cores. The method will create the
necessary testability requirements for detection and di-
agnosis of such integrated Circuits, while allowing for
ease of interoperability of cores originated from distinct
sources. This method will be usable for all classes of
digital cores including hierarchical ones.”

The two primary issues are to provide means for (1) effi-
cient core test knowledge transfer, and (2) the test access
to the embedded cores. Accordingly, the standard defines
(1) a language for the description of the test-related infor-
mation for the cores embedded in the SOC, and (2) the
test wrapper architecture of the embedded core. The work
on the standard has progressed to the draft version IEEE
P1500/D0.3 and aims to be ready for ballot in 2001 /6/.

3.1 Core test language

IEEE P1500 SECT defines the Core Test Language (CTL)
in order to facilitate the transfer of the core test-related in-
formation from the core providerto the core user. CTL. uses
the syntax of IEEE 1450, Standard Test Interface Language
(STIL), /7/, and describes test information including test
data, test methodology, core configurations and necessary
connectivity information for system integration. The objec-
tive is to provide all the necessary information for the im-
plementation of core wrapper including the description of
core signals, timing, electrical characteristics, core exter-
nal connections, protocol for applying test patterns to the
core terminals, etc. Detailed description of CTL is beyond
the scope of this paper. Interested readers can find more
information on this subject together with an illustrative ex-
ample describing the way of transforming a bare core into
a 1500-compliant core in /4/.

3.2 Core test wrapper

Test wrapper is a thin shell around the core and serves as
an interface between the core and the test access
mechanism(s). During normal operation, wrapper connects
core inputs and outputs to SOC functional wires. For test-
ing purposes, wrapper has modes in which core inputs
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and outputs are connected to a mandatory serial TAM (one-
bit wide) and optional scalable parallel TAMs which pro-
vide access for core-internal and core-external tests. Wrap-
per operation is controlled by a set of control and clock
signals provided at the Wrapper Interface Port (WIP). WIP
also includes serial scan terminals WSI and WSO which
are used to shift-in and shift-out serial test data. (The func-
tion of WSI and WSO is similar to TDl and TDO terminals of
IEEE 11491, digital boundary-scan architecture /8/). Test
wrapper contains the following mandatory registers:

- wrapper instruction register (WIR) which is similar to
IEEE 1149.1 instruction register and controls the op-
eration of the wrapper. WIR receives instructions via
wrapper serial input WSI.

- wrapper boundary register (WBR) to which the core
functional terminals are connected. It is a serial shift
register similar to the IEEE 1149.1 boundary-scan reg-
ister.

- One-bit bypass register which is similar to |IEEE
1149.1 bypass register. Itis used to bypass the WBR.
In a single scan path configuration, where WSI and
WSO terminals of cores are connected in series, it
may become inconvenient to shift data through the
entire sequence of WBRs. Bypass registers enable
to skip out the WBRs of the cores that are not being
tested.

funclionat femmins

§]
A
£
T
fay
8]
=
[
[y
=

Wal

Figure 2: Test wrapper structure

Serial TAM and (if available) parallel TAMs provide means
for performing core-internal and core-external tests. Core-
internal test is based on the test information that the core
user gets from the core provider. It may consist of the ap-
plication of test patterns within a specified test protocol, or
of initiation of a built-in self-test of the core. Core-external
test checks external connections between the cores and
additional glue logic designed by the SOC integrator.

Forthe core-internal tests, test stimuli are provided via TAM
to wrapper boundary at the core input terminals and test
results are read via TAM from the wrapper boundary at the
core output terminals. For the core-external tests, initial
logical values are set-up via TAM at the wrapper boundary
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at the core output terminals and results are observed at
the wrapper boundary at the core input terminals.

4  Possible test configurations

From the conceptual point of view one may notice several
points of similarity between IEEE P1500 SECT and IEEE
1149.1. For example, wrapper registers WIR, WBR and
bypass have similar role as instruction, boundary-scan and
bypass registerin [EEE 1149.1. Furthermore, as mentioned
above, the function of WSI and WSO is similar to TDI and
TDO in digital boundary-scan architecture. But there are
also substantial differences: the operation of the TAP Con-
troller which is the “heart” of the IEEE 1149.1 compliant
circuit is given by the state diagram which unambiguously
defines the test protocol - on the other hand, IEEE P1500
SECT does not define the operation of the test wrapper by
a state diagram, and allows the designer of a test wrapper
a lot of freedom.

SOC integrator can choose different strategies of imple-
menting STAM and parallel TAMs of individual wrappers
depending on the complexity of core-internal tests, the
amount of additional user defined logic, overall complexity
of the SOC and on the conditions imposed by the available
ATE that will be used in production test. For example, fora
core with a built-in self-test it may be sufficient to provide
test wrapper only with STAM. On the other hand, some
other core may need extensive amount of test patterns that
can only be transferred in reasonable time via parallel TAM.
Wrappers can be connected in different configurations (i.e.,
multiplexing, daisychain, etc.) differing in test time, wiring
and SOC performance. Besides, possible implementation
of boundary-scan at the level of individual cores and re-
quirements for its implementation at the level of SOC will
impact the selection of wrapper test features and system
level core configurations. Effective combination of IEEE
1149.1 and IEEE P1500 SECT infrastructure in SOC test
is an interesting problem in practice.

5 {Conciusion

SOC festing is one of the current hot topics in the field of
electronic test. Several papers and vivid discussions at re-
cent European Test Conference /9/ confirm the impor-
tance of providing efficient solutions to the problem of test-
ing embedded cores integrated in a complex SOC. In the
vaper, the basic approach to testing SOC formalised in
IEEE P1500 SECT is described. Another issue concerns
intellectual property of core providers. Due to the cppo-
site interests of core providers and core users regarding
the level of the core implementation details that should be
revealed to the user (making SOC testing easier) the prob-
tem of information transfer remains a challenge for both
participating parties. Here again, IEEE P1500 SECT of-
fers means that may help them in achieving a reasonable
solution.
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Finally one could ask: what consequences will the forth-
coming IEEE P1500 SECT have to those users that do not
produce complex SOC but rather use them in their prod-
ucts? We can expect from the SOCs producers to pro-
vide some information related to testing embedded cores
in a SOC for the purpose of debugging and for performing
system functional test. Besides, cores including scalable
test wrapper are likely to become a standard product on
the market, ready for integration as well in simple electron-
ic systems (e.g., intelligent sensors) which makes the IEEE
P1500 SECT interesting to a broader group of potential
users.
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DODATNI PRIMERJALNI TESTI ZA SIMULATORJE SPICE

Tomaz Dogsa
Fakulteta za elektrotehniko, racunalnistvo in informatiko, Univerza v Mariboru

Kljuéne besede: SPICE orodja radunalniska, testi primerjalni, simulatorji racunalnidki, tocke delovne, DC analize enosmerne, testiranja avtomatska,
avtomatizacija testiranja, vezja nakijuéna

Povzetek: Dosedaniji primerjalni testi, s katerimi lahko primerjamo kakovost simulatorjev, temeljijo na posebej izbrani majhni mnozici vezij. V prispevku
predlagamo dodatne skupine primerjalnih statisticnih testov in kriterije, s katerim bi lahko na objektiven nacin primerjali kakovost simulatorjev elektriénih
vezij. Vsa vezja, ki so vkljucena v dodatno mnozico testov imajo nakljuéno tvorjeno strukturo in nakljuéno izbrane elemente in parametre. Ker lahko s
posebnim generatorjem vezij tvorimo poljubno &tevilo takih vezij, je mozno podajati statisticno ovrednotena kvantitivna merila glede kakovosti simulatorjev.

Additional Benchmark Tests for SPICE Simulators

Keywords: SPICE computer tools, Simulation Program with Integrated Circuit Emphasis computer tools, benchmarks, comparative tests, computer
simulators, biases, operating points, DC analyses, Direct Current analyses, automatic testing, test automation, random circuits

Abstract: The purpose of benchmark test is to compare the quality attributes of circuits simulators. Existing benchmark tests are based on selected small
set of electronic circuits. In this paper we propose additional sets of statistically based benchmark tests and corresponding criteria that enable unbiased
comparison. All test circuits that form additional benchmark sets have randomly generated structure, randomly chosen elements and their parameters.

Statistically quantization of quality attributes is now possible, since high number of circuits can be generated by the special software tool.

1. Uvod

Nacrtovanje elektronskih vezij brez pomoéi radunalnika je
danes prakti¢no neizvedljivo. Vse vedja kompleksnost ve-
zijin nelinearnost elektronskih elementov v ve&ini primerov
onemogocajo analitiéni pristop. Nacrtovalci siv takih prime-
rih pomagajo s simulatoriji elektronskih vezij. Simulatoriji so
zelo kompleksni programski paketi, ki se neprestano spre-
minjajo: izboljdujejo se uporabljeni algoritmi in modeli ter
dodaja se nova funkcionalnost. Eden izmed glavnih namen-
ov simulatorja je napovedovanje obnasanja realnega vezja.
Kljub relativni zrelosti simulatorjev, se dogaja, da dajejo
napacne rezultate (glej npr. /PERSIC,1995/). Na trzisdu
obstaja ved vrst simulatorjev, ki se med seboj razlikujejo po
funkcionalnosti, uporabljenih algoritmih in modelih, ceniin
drugih atributov kakovosti. Njihova medsebojna primerjava
temelji na doloCenih primerjalnih testih (benchmark). Kaj
je primerjalni test? Davidson in Harlow v svojem uvodniku
/DAVIDSON, 2000/ ponujata delno prirejeno definicijo, ki
jo lahko najdemo v leksikonu Merriam-Webster Collegiate
Dictionary: “Primerjainitest je standardiziran problem (vezje
ali del vezja), ki ga uporabljamo za primerjavo zmogljivosti
(hitrost, ucinkovitost, kakovost rezultata) razlicnih orodij in
algoritmov”.

Namen primerjalnih testov ni samo primerjanje izbranih
karakteristik (npr. hitrosti) ampak $irsi vpogled v kakovost
simulatorja. Zaradi tega so tudi zanimivi za nacrtovalce in
preverjevalce EDA (Electronic Design Automation) program-
ske opreme. S primerjalnimi testi lahko testirajo simulator-
je ali pa jih uporabijo za merjenje uspednosti novih ali iz-
boljdanih algoritmov. Vsak primerjalni test mora biti sestav-
lien iz opisa postopka, opisa testnih primerov in kriterijev
za vrednotenje primerjave. Testne primere tvorijo vhodni
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podatki in pricakovani rezultati oziroma pricakovano obna-
Sanje.

Primerjalnitesti naj bi predstavijali reprezentativne primerke
iz posameznih problemskih razredov. Npr. zelo znana zbir-
ka 58 vezij, ki so jo leta 1990 predlagali na eni izmed de-
lavnic na MCNC (Microelectronic Center of North Caroli-
na. (http://www.cbl.ncsu.edu/), je sestavijena in petih
skupin. Te skupine lahko glede kompleksnosti vezij razde-
limo v dve grupi: skupina majhnih (priblizno do 500 ele-
mentov) in skupina obsirnejsih (nad priblizno 1000 elemen-
tov) vezij. Vezja so tako izbrana, da pokrivajo celotno prob-
lemsko domeno.

Slabost sedanjih primerjalnih testov oziroma metod kritizira
tudi F. Brglez /BRGLEZ,2000/. Zavzema se za znanstve-
ni pristop na podroc¢ju eksperimentiranja, kar pomeni, da
se ne oziramo na nekaj izbranih testnih vezij ampak na
mnozico. S statisticno analizo nato ovrednotimo rezultate
eskperimenta oziroma primerjaine analize. Zato predlaga-
mo, da se obstojedemu nizu primerialnih testov dodajo $e
tri skupine. Tako bi za potrebe primerjalne analize in testi-
ranja uporabljali naslednje skupine:
1. skupina: izbor posameznih konkretnih vezij (obstojeca
skupina),
2. skupina: mnozica nakljucno generiranih topologko
pravitnih vezij,
3. skupina: izbor posameznih topolosko nepraviinih vezij,
4. skupina: mnozica nakljué¢no generiranih topologko ne-
pravilnih vezij.

Vkljugitev skupine s topologko nepravilnimi vezji je smisel-
na zaraditega, ker pri takih vezjih resitev (niti teoreti¢na) ne
more obstajati in nas mora o tem simulator obvestiti. V pris-
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pevku bomo najprej opisali dolo¢eno problematiko, ki je
povezana z naklju¢nim generiranjem vezij. Kijub temu, da
se bomo omejili, le na simulatorje analognih vezij to $e ne
pomeni, da predlaganih idej ni mozno posplositi na digital-
na in analogno-digitalna vezja. Vsak simulator nudi uporab-
niku ve¢ vrst analiz. Najbolj osnovna je vsekakor analiza
delovne toéke. Ker predstavlja izhodisCe za skoraj vse druge
analize, smo se osredotocili samo na njo. Torej, zanimali
nas bodo primerjalni testi, s katerimi bi lahko ovrednotili
uspesnost algoritmov za analizo delovne tocke. Najprej
bomo na kratko opisali probleme, ki se utegnejo pojaviti
pri analizi delovne tocke nato pa problematiko generiranja
nakljuénih vezij. Za ilustracijo bomo prikazali tudi konkret-
ne rezultate primerjalne analize za tri simulatorje: SPICE2G6
(verzija Intusoft IS SPICE 1.41 12/12/87, PSPICE (verzi-
ja 3.01, januar 1987) in SPICE3F4 (verzija 18. februar
1999). Izbor je bil povezan predvsem z njihovo dosegljivost-
jo. Ce bi uporabili najnovejse verzije, bi zagotovo dobili
drugacne rezultate.

2. Delovna tocka

Delovna toc¢ka je niz taksnih parov enosmernih tokov in
napetosti, ki hkrati zados¢ajo karakteristiki elementov in
obema Kirchhoffovima zakonoma. Ker gre za enosmerno
analizo, simulator najprej pretvori vezje v rezistivno variant-
no in nato izvede simulacijo. Vsi algoritmi, ki jih uporabljajo
simulatorji analognih vezij za analizo delovne tocke, temelj-
ijo na dolocenih iterativnih metodah, ki jih omejimo s stevi-
lom iteracij in zahtevano natancnostjo rezultata. Pri anal-
iticnem ali grafi¢nem izracunu vidimo, da lahko obstaja ena,
vec ali pa nobena resitev (slika 1 a in b).

r‘A ié
l
|
|

/\!/\Q, Z
/]

Slika 1 Zgled grafi¢ne analize dveh vezij, ki sta
sestavljeni iz baterije, upora in nelinernega
elementa.Vezje (a) tri teoretiCne resitve, vezje
(b) nima teoreti¢ne resitve

Ved resitev ve$ ne moremo interpretirati kot rezultat enos-
merne analize, ampak kot stacionarno stanje prehodnega
pojava elektri¢nega vezja. Resitev torej ni odvisna samo od
vezja in nastavitev parametrov, s katerimi vplivamo na algo-
ritem, ampak tudi od zacetnih pogojev. Ena izmed slabosti
tipicnih simulatorjev analognih vezih (npr. SPICE) je ta, da
izracunajo samo eno delovno tocko, kljub temu, da obsta-
javec resitev. Obstajajo tudi simulatoriji, ki z uporabo popol-
noma drugacnih algoritmov, izracunajo vse delovne tocke
oziroma ravnotezna stanja. Najbolj znani metodi sta: itera-
tivha odsekoma-linearna kombinacijska analiza /CHUA,
1975/ in homotopna metoda /TRAJKOVIC,1991/. Sled-

nja je tudi implementirana v simulatorju HomSPICE /TRA-
JKOVIC,1998/, ki pa ga nismo uspeli preizkusiti.

Eden izmed pogojev, da bo simulator poiskal delovno toc¢ko,
je obstoj teoreti¢ne resitve. Neobstoj teoreticne resitve se
lahko pojavija samo pri vezjih, ki vsebujejo enega ali veé
nerealno modeliranih elementov. Glede oblike enosmernih
karakteristik modelov ni nobenih omeijitev razen za vrednosti
toka oziroma napetosti, ko le-ta limitira proti neskoncnosti.
Ker vedno obstaja neka delovna tocka, pri kateri postane
vezje totalno pasivno, pomeni, da se morajo karakteristike
dvopolnih elementov zaceti v prvem in koncati v tretiem kvad-
rantu. Takoj vidimo, da idealni napetostni in tokovni vir te za-
hteve ne izpolnjujeta. Ta problem lahko simulator resi z do-
dajanjem ustreznega upora k vsakemu napetostnemu ali/in
tokovnemu viru in z dodatnimi zahtevami glede topologije
(npr. zanka iz samih napetostnih virov je prepovedana). Ce
karakteristika vsakega elementa zadosti prej omenjenemu
kriteriju, potem vedno obstaja teoretiéna resitev. Ce vsaj en
element tega kriterija ne izpolnjuje, se lahko zgodi, da teor-
eti¢na resitev ne obstaja (slika 1 b).

Vsa pravkar opisana problematika se uporabniku kaze v
neuspesnosti analize, ki se vec¢inoma navzven pokaze kot
nekonvergiranje resitve. Problem konvergence je mozno
reSevati na ve¢ nacinov:

1. Simulatorju pomagamo s podatkom o priblizni resitvi
(stavek .NODESET).

2. Spremenimo modele - uporabimo realnej$e modele.

Spreminjamo razne parametre, s katerimi vplivamo na
potek resevanja (npr. povec¢amo najvedje Stevilo iteraci)).

4. Uporabimo pocasi narascajoce napetostne vire
(source-stepping algorithms).

5.  Vvsako vozlisée dodamo parazitno prevodnost, ki jo
pocasi manjsamo (Gmin -stepping).

6. Z dodanimi parazitnimi reaktivnimi elementi pretvori-
mo vezje v dinami¢no in simuliramo vklop vezja (pseu-
do-transient analysis).

7. lzberemo drugacen algoritem za analizo delovne toc¢ke
(uporabimo npr. odsekoma-linearno kombinacijsko
analizo ali homotopno metodo).

Pravilnost izracuna delovne tocke je odvisna od pravilnosti
uporablienih modelov in pravilnosti ter uc¢inkovitosti algorit-
ma. Pri sodobnih simulatorjih je lahko vzrok za napacen
izracun delovne toc¢ke tudi v napaénem delovanju post-
procesorja. Vtem primeru jedro simulatorja izracuna pravil-
no vrednost, grafiéni postprocesor jo pa izpi$e napacno.

3. Odpoved simulatorja pri izra¢unu
delovne tocke

lzra¢un delovne tocCke je ena izmed temeljnih analiz, ki jih
izvaja simulator. Nepravilnosti pri izradunu delovne tocke
vplivajo na pravilnost ve¢ine analiz (npr. .AC, .TF, .DC,
.TRAN). Potem, ko smo sprozili zahtevo za analizo delovne
tocke, lahko simulator preide v naslednja stanja:
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1. Delovnatocka je izracunana in se nahaja znotraj do-
voljenih odstopanj pricakovane vrednosti.

2. Delovna toc¢ka je izracunana vendar se ne nahaja
znotraj dovoljenih odstopanj pricakovane vrednosti. V
tem primeru gre za alternativno delovno tocko oziro-
ma za vezje, ki ima veé delovnih to¢k. Mozno je tudi,
da simulator deluje nepravilno.

3. Delovhatocka niizradunana, kljub temu da ima vezje
pravilno topolosko strukturo (npr. resitev ne konvergi-
ra ali pa nastopi popolna odpoved simulatorja)

4. Delovnatocka niizradunana, ker ima vezje nepraviino
topolosko strukturo (npr. zanka iz samih napetostnih
Virov).

Stanje Stevilka 3 bomo klasificirali kot odpoved. Popolna
odpoved simulatorja se pojavi takrat, ko delovanje progra-
ma nasiino ustavi operacijski sistem. Za firmo, ki je izdelala
simulator je to sicer zelo neprijetna odpoved, za uporabni-
ka pa zgolj motecCa in hkrati nenevarna, saj je le-ta z
odpovedjo seznanjen. Kriticne oziroma fatalne so lahko tiste
odpovedi, katerih uporabnik ne opazi. To se lahko zgodi,
¢e ne razpolaga s pricakovano vrednostjo oziroma je inter-
val, v katerem pricakuje rezultat, prevelik.

4. Nakljuéno analogno vezje

Nakljucna vezja lahko generiramo na dva nacina. Postavi-
mo nek splosen model, ki ustreza neki skupini vezij in nato
s spreminjanjem parametrov in nekaterih delov strukture
tvorimo mnozico nakljué¢nih vezij. Zgled za to metodo bi
tahko bil npr. splosen model enostopenjskega diferencnega
ojacevalnika, ki vklju¢uje tudi nekaj variant. Pri drugi meto-
di nakljuéno generiramo graf vezja in nato elemente. S to
metodo lahko v bistvu nastane katerokoli mozno vezje, pri
prvi pa smo omejeni z izbranim splosnim modelom.

Za generiranje nakljuénih vezij smo izdelali poseben pro-
gram {(generator naklju¢nih vezij), ki delno zdruzuje oba
pristopa. Nakljuéno vezje, ki ga tvori generator, je sestav-
lieno iz stalnega in nakljuénega dela. Najpomembnejsi
podatki, ki vplivajo na strukturo naklju¢nih vezij in vrednosti
parametrov, so:

1. Delezi posameznih elementov in njihovi parametri (R,
L,C E, G, IV D NMOS, PMOS, QN, QP). Ein G
sta polinomska vira, ki ju uporabljamo za modeliranje
krmiljenih virov oziroma nelinearnih dvopolov. Para-
metri so: najvecja in najmanjsa vrednost ter vrsta po-
razdelitve. Trenutna verzija ne omogoca nakljuéni iz-
bor parametrov v .MODEL stavkih.

2. Kompleksnost vezja (Stevilo vozlisc, stevilo elementov).

3. Odlocitev o generiranju topolosko pravilnih ali nepravil-
nih strukturah.

4. l|zbor porazdelitvene funkcije po kateri se vrsi izbor
naklju¢nih entitet (Gaussova, konstantna ali kaoti¢cna
porazdelitev).

5. Statisticna privilegiranost dveh vozlisc. Pri vecini real-
nih vezij lahko vidimo, da incidencna matrika ni ena-
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komerno napolnjena oziroma nekatera vozlis¢a izrazi-
to odstopajo glede stevila priklju¢enih elementov. To
sta vozliséi, kamor je prikljuéena napajalna napetost
in masa (glej sliko 3).

Na videz je funkcija generatorja podobna tisti, ki se upora-
blja pri Monte Carlo analizi. Razlika je v tem, da tukaj nak-
ljuéno spreminjamo strukturo vezja, elemente in parame-
tre, medtem ko pri Monte Carlo analizi samo vrednosti par-
ametrov.

Glede na izbor podatkov, ki so vhod v generator, lahko
generirarmo zelo pestro mnozico vezij. Z nelinearnimi up-
ori, ki so implementirani z G viri (za SPICE3 se uporablja B
element), generator simulira uporabo zunanjin vedenjskih
modelov. Z izborom lihe oziroma sode stopnje polinoma
generiramo teoreticno nemogoce (npr. element na sliki 1
b) oziroma mogoce nelinearne upore (npr. element na sliki
1 a). S temi upori lahko tudi spreminjamo nelinearnost vez-
ja. Zgled nakljucno generiranega vezja prikazujeta sliki 2
in 3.

stalni del vezja nakljuéno generiran del vezja

L

I
+ ol
r |:I:| =
i
1

Slika 3 Shema nakljuéno generiranega analognega
vezja narisanega na podlagi opisa iz slike 2. Stalni del
vezja je enak za vsa generirana vezja.

5. Rezultati primerjalnega testiranja

Vsako testiranje izvajamo po naslednjih korakih: tvorjenje
testnih vzorceyv, tvorjenje pricakovih vrednosti, izvedba anali-
ze in vrednotenje rezultatov. Vse korake razen drugega je
relativno enostavno avtomatizirati. Za avtomatizacijo druge-
ga koraka moramo napraviti zahteven program za sintezo
vezja. V primeru testiranja ve¢ simulatorjev imamo tudi
moznost, da enega izberemo za referenc¢nega. Glede na
predlagane skupine vezij namenjenih primerjalnemu testi-
ranju, smo izvedli samo testiranje z mnozico naklju¢no
generiranih topolosko pravilnih vezij.
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Tabela 1 Opis testnih vezif Delez uspe$no zakljuéenih simulacij
Testna Stevilo )
) . opis
garnitura vezij

vsi elementi, brez nelinearnih Fspicezﬁ

1 169 {Bpspice |
uporov =Dp P e ;

ce i

samo NMOS, PMOS, D, R in elaiis

2 200 LT
napajalni viri

3 199 \s/iimo QN, QP, D, R in napajalni 1 \ X ) ; S . Skupin tostov |

4 169 vsi elementi, nelinearnost uporov :
do 4.stop.

5 16g | Vsl elementi, nelinearnost uporov Slika 4 Delez uspesno zakijucenin simulacif
do 3.stop.

8 168 vsi elementi, nelinearnost uporov Ker bi opis in diskusija rezultatov za vse primerjaine teste
do 2.stop. . presegala dovoljen obseg prispevka, se bomo osredotodi-

7 106 | brez polprevodnih elementoy, lile na sedmo garnituro testov, v kateri ni nobenih polprevod-
nelinearnost uporov do 4.stop nih elementov. S tem smo izlogili morebiten vpliv kakovosti

VEZ117.cir

*SPICE NET

*Stevilka vezja:

*117

*Datum nastanka: 4.4.2001 Generator vezij:V5.0 2.4.2001
*Konfiguracijska datoteka: k4g2kl.dat

*Nastanek konfiguracijske datoteke: 4.4.2001 12:32:24
*Verzija opisovanja nel. elementov:2 Stevilo vozlisc: 6 Stevilo el.: 14
*Nacin generiranja vezja: nakljucno

*Statisticno poudarjeno vozlisce: 0 20.00%

*Statisticno poudarjeno vozlisce: 1 20.00%

R1 0 5 1.04222864689678E+0004

R2 1 3 1.64998529084921E+0004

R3 2 0 7.76117287476063E+0004

V4 3 2 -9.63017179630697E+0000

RS 4 1 5.58461088487506E+0003

E6 5 1 POLY(1) (4 6) 3.88584041036665E~0001 -4.95419465005398E-0002

+ -1.17212752811611E-0001 -5.41528668254614E-0002

+  -6.52682286687195E-0001

G7 6 5 POLY(1l) (6 5) -1.81034177541733E~0001

+ ~4.58973378874362E~0001 + 2.83149098977447E-0001

QN8 4 0 1 QN

RO 1 4 3.21886612679362E+0004

E10 6 1 POLY(1) (2 1) -3.01108809188008E-0001

+ =5.59775688685477E~0001 + 4.59779966622591E-0001

QP11 1 3 3 QP

Glz 0 1 POLY(l) (0 1) -6.98641702532768E~0001 5.45442000962794E~0001
+ 8.75892678275704E-0001 -1.84644504450262E-0001 -7.96733874827623E-0001
MP13 1 0 1 1 PENH L=8U W=7U

ON1d4d 1 2 2 QN

.OP

* ======= Dodana datoteka : MOD VSI.MOD =====ssc==ss====

* Posebej dodamo nap. vir zato, da bo vedno prisoten vsaj en

VDD 5000 0 5

RG 5000 1 1

.OPTIONS NOMOD

*‘k7\'***************‘k*‘k***‘k‘k***‘k*******‘k‘k*********‘kk***‘k***‘k**‘k*v\"k*******

*x ( MODEL M8CN-290) *x
* MCNC 0.8 CMOS PROCESS PISCES * ok
*x ( NOMINAL ) FEBRUARY 19380 x
** SOURCE: CIRCUITSIM90 BENCHMARK CIRCUITS FILE MODELS.NOM *x

*7\'************************‘k*'k*‘k‘k***‘k**v\'*‘k*************‘k****************

Slika 2 Zgled naklju¢no generiranega analognega vezja
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notranjih modelov in se osredoto&ili predvsem na ucinkovi-
tost algoritma za izracun delovne tocke. StatistiCna po-
razdelitev elementov je bila naslednja: R (40%), V {(10%), |
(10%), G (20%), E (20%). Z napetostno krmiljenimi tokov-
nimi viri (G) smo realizirali nelinearne upore, katerih nak-
ljuéno generirana karakteristika je definirana s polinomom.
Najvecja stopnja polinoma je bila 4. Podobno velja za
Kkrmiljen nelinearni napetostni vir E. Za vrednotenje primer-
jalnega testa smo postavili tri merila: merilo uspesnosti,
merilo podobnosti in merilo ekskluzivnosti.

Merilo uspeénosti je delez uspesno zaklju¢enih simulac-
ij. Za udinkovito primerjalno testiranje morajo biti testna vezja
tako izbrana, da je uspes$nost vedno manj$a od 100%, si-
cer nastopi pojav nasi¢enja (merilo veC ne zaznava spre-
memb). Ce se uspesnost zaéne priblizevati 100%, je potreb-
no povedati Stevilo vezij oziroma stopnjo nelinearnosti.

Zanimiva sta tudi atributa skupna napaka in stevilo alter-
nativnih regitev. Razliko med referencéno in dejansko vred-
nostjo delovne tocke vrednotimo s povprecnim kvadratic-
nim pogreskom. Ce je bil ta vediji od nekega izbranega pra-
ga (5V), potem smo izraGunano delovno tocko vezja kvali-
ficirali kot alternativno. Skupna napaka je vsota vseh na-
pak vezij, ki so bila uspes$no simulirana (izvzeta so bile al-
ternativne delovne toéke). To merilo je seveda problem-
atiéno, saj je za nakljudno vezje tezko podati enoten kriter-
ij, ki bi omogo¢al identifikacijo alternativnih tock.

Tabela 2 Podrobni rezultati za sedmo garnituro testov.

SPICE2G6 | PSPICE |SPICE3F4
Stevilo neuspesnin | 450, 56% 51%
simulacij
Stevilo uspeSnin 27% 44% 49%
simulacij
skupna napaka 27V 31V -
Stev. altern. resitev 2% 9% -

Merilo podobnosti: s to metriko vrednotimo podobnost v
obnasanju simulatorjev. lzradunamo ga kot kvocient med
Stevilom enakih stanj, v katero prideta dva simulatorja in
Stevilom testov. Ce je podobnost med dvema simulatorje-
ma enaka 1, pomeni, da sta bila uspedna in neuspesna pri
enakih testnih primerih (vezjin). Pri testni garnituri Stevilka
7 sta se SPICE3F4 in PSPICE v 87% testov obnasala ena-
ko (tabela 3).

Tabela 3 Merilo podobnosti za sedmo garnituro testov.

spice2g6 pspice spice3f4
spice2g6 1 0,83 0,76
pspice 0,83 1 0,87
spice3f4 0,76 0,87 1

Merilo ekskluzivnosti: To merilo se nanasa na uspesnost
tistih vezij, pri katerih je dolo¢en simulator odpovedal. Npr.
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SPICE2G6 je odpovedal pri 77 vezjin (tabela 4) in v mnozici
teh vezij je PSPICE uspesno simuliral 23% vezij, SPICE3F4
pa 30%. Hkrati tudi vidimo, da vsa vezja, ki so povzrocila
odpoved simulatorja SPICE3F4, so tudi povzrocila odpove-
di ostalih simulatorjev. Ali z drugimi besedami, tam Kjer
SPICE3F4 ni uspel, nista uspela tudi ostala simulatorja.

Z drugimi skupinami testov smo ugotovili, da to vedno ne
velja. Npr. pri testni garnituri Stev. 2 (tabela 5), je PSPICE
uspel poiskati restev za 37% vezij, za katere je bil SPICE3F4
neuspesen. Kljub temu lahko glede na vrednost ekskluz-
ivnosti, $e vedno lahko sklepamo, da je SPICE3F4 najbolj-
Si.

Tabela 4 Merilo ekskluzivnosti za sedmo garnituro

testov.
spice2g6 pspice spice3f4
spice2g6 | 77 (100%) | 18(28%) | 23(30%)
pspice 0 (0%) 59 (100%) 5 (9%)
spice3f4 0 (0%) 0 (0%) 54 (100%)

Tabela 5 Merilo ekskluzivnosti za drugo garnituro testov.

spice2g6 pspice spice3f4

spice2g6 | 142 (100%) | 84 (59%) 66 (46%)

pspice 5 (8%) 63 (100%) 15 (24%)

spice3f4 1 (1%) 29 (37%) | 77 (100%)
7. Sklep

Tradicionalno primerjalno testiranje temelji na izbrani majh-
ni mnozici tipicnih vezij. Ker vezja niso izbrana naklju¢no in
ker jih je premalo, ni mozno uporabiti statistinih meril. Pred-
lagamo, da se k obstojeci skupini dodajo $e naklju¢no
generirana vezja. V tem primeru lahko uporabimo tri nova
merila: merilo uspesnosti, podobnosti in ekskluzivnosti. Dva
simulatorja sta enako kakovostna, ¢e imata enako uspes-
nost, podobnost in ekskluzivnost. Pokazali smo, da pred-
lagana merila in postopek testiranja vecata objektivnost
primerjalnega testiranja.

- Najvedji problem, ki nastopa pri testiranju, je dolocitev prica-

kovanih rezultatov (v nasem primeru so to potenciali vseh
vozlise). Za vsako vezje bi bilo potrebno izracunati brez
uporabe simulatorja delovno tocko. Ker gre za nakljucna
nelinearna vezja, ki niso vedno zaporedno-vzporedna, bi
izradun delovne tocke za npr. 1000 vezij predstavijal izred-
no naporno delo.

Ta problem bomo skusali resiti z nadgradnjo obstojeega
generatorja naklju¢nih vezij, ki lahko tvori naklju¢na vezja
tako, da si najprej izbere nakljuéno vrednost delovne tocke
in nato napravi sintezo vezja. Zaradi tezav pri sintezi,
zanekrat niso vkljuéeni polprevodni elementi, ampak samo
linearni R, |, Vin nelinearni G in E.
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POWER ELECTRONIC BUILDING BLOCKS: A SURVEY

Zarko CUCEJ
Univerza v Mariboru, Fakulteta za elektrotehniko, racunalnistvo in informatiko

Key words: power electronics, PEBB, Power Electronics Building Blocks, development results, circuit topologies, electronic circuits, THD, Total Har-
monic Distortion, PWM switches, Pulse Width Modulation switches, ZVT, Zero-Voltage Transition, ZCT, Zero-Current Transition, ZVS, Zero-Voltage Switching,
ZCS, Zero-Current Switching, ARCP, Auxiliary Resonant Commutated Pole, inverters, converters, LMARC, Load Modulated Auxiliary Resonant Current,
MCT, Metal-oxide silicon Controlled Thyristors, HM controllers, Hardware Manager controllers, AM controllers, Application Manager controllers, Cl,
Coordinated Interconnect, control, thermal losses

Abstract: The PEBB program, sponsored by the Office of Naval Research, seeks to develop a general-purpose power controller capable of performing
numerous electrical power conversion functions simply through software reconfiguration.

Gradniki moc¢nostne elektronike: pregled

Kljuéne besede: elekironika moc¢nostna, PEBB gradniki elektronike moc¢nostne, rezuitati razvoja, topologije vezij, vezja elektronska, THD popadenje
harmonsko totalno, PWM stikala z modulacijo sirine impulzov, ZVT prehod pri napetosti ni¢, ZCT prehod pri toku ni¢, ZVS prekiaplianje pri napetosti nic,
ZCS preklaplianje pri toku ni¢, ARCP pol komutirani z resonanco pomozno, inverterji, pretvorniki, LMARC tok pomozni resonanéni moduliran z bremenom,
MCT MOS kovina-oksid silicij tiristorji krmiljeni, HM krmilniki kot vodje hardware-ski, AM krmiiniki kot vodje aplikacijski, Cl povezave medsebojne koor-
dinirane, krmiljenje, izgube termic¢ne

Povzetek: V ¢clanku je podan kratek pregled rezuitatov razvoja gradnikov mocnostne elektronike, ki ga je inicializiral Urad za raziskave pri amerigki vojni
mornarici (ONR: Office of Naval Research). Za cilj so si zastavili razvoj pretvornikov, ki jih zgradimo s preprosto, standardizirano povezavo standardnih
elementov podobni gradnji z lego kockami, katerih funkcionainost dolo¢imo z vpisom ustreznega algoritma delovanja. Iniciativa sicer zrcali potrebe in
nacrte ameriske vojne mornarice, kot je program »more electric ship« in drugi, vendar je njegov cilj mnogo $irsi: razviti novo filozofijo nacrtovanja, razvoja,
gradnje, proizvodnje in uporabe naprav moénostne elektronike, kot tudi distribucije elektricne energije v raznih avtonomnih sistemih. Program sicer $e ni
sprozil serijske proizvodnje gradnikov, ne vzpostavil novih standardov na podro¢ju moénostne elektronike, je pa Ze prinesel nove elemente kot so MOS
krmiljeni tiristorji, nova paradigma v krmilienju moénostnih stikal, ki vkljucuje tudi digitalni komunikaciiski sistem, pametne senzorje in digitalno ohdelavo
signalov.

1. introduction

The power building block (PEBB), initiated by Office of fj?gelggilon
Naval Research (ONR), is promising enabling technology power
which will promote future electrical power systems. APEBB input
is concept of building a larger power processing system
from relatively small number of standardized units which
have high degree of intelligence and controf autonomy, and
which are themselves built from smaller standardized units

with some, but less intelligence and autonomy, which in informations ] J

turn also can be but by even smaller, elementary blocks (communications).....

and so on /1-4/. Therefore a PEBB is not some specific

block, but rather a building block concept. It starts from Fig. 1:  PEBB module interfaces

the smallest block, i.e. smart switches, smart sensors, etc,

which are used to build smart power processing units, e.g. 1. Every, even the simplest module has some intelligence
inverters, rectifiers, motor drivers, solid-state circuits break- and includes some communications capability,

ers, efc. These power-processing units are combined to 2. Physical properties at each of the four interfaces (con-

provide more complex function, or a single function but

nectors, screws, surfaces, etc) are standardized for each
with higher power rating than each individual unit. :

PEBB power level. Planed are three power ranges:
a. Low Power 10 kW to 100 kW

b.  Medium Power 100 kW to 500 kW

¢c. High Power 500 kW to 10 MW

Electrical properties at each interface shouid be stan-
dardized,

4. Compatibility of all modules that connect at the some
interface is guaranteed a priory.

At any level, a PEBB module has form depicted in Fig. 1.
This concept makes difference to classical design of pow-
er processing devices in following:

.O:)
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The initial intent of the PEBB program was to development
or fosters the development of a family of power electronic
modules that can be used in 80% of the power conversion
and power control applications in the commercial and mil-
itary world. The technical goals for the PEBB were as fol-
lows:

1. Size and packaging, for example, a 250 kW single-
phase PEBB module should be fit in a volume roughly
the size of a shoebox without the output filter circuits
but with built-in provision for thermal management.

2. Power conversion efficiency greater than 98%.

Output power quality less than 5% Total Harmonic
Distortion (THD).

4. Electromagnetic Interference (EMI) levels below those
specified in Mil Std 46.

ft is the objective of the PEBB program to promote innova-
tive development of a family of power electronic devices
that satisfy the PEBB goals. Furthermore, this program likes
to stimulate and support competing ideas in order to ad-
vance the state of the art and produce the best possible
PEBB modules /5,6/. Of course, main goal is to have
PEBB modules produced in the US by US manufacturers.

2. Topology

For electric power conversion a different kind of switching
converiers are employed. Their switches are implemented
by one of three basic switch topologies (Fig. 2), which to-
gether with switching control must guarantee the elemen-
tary safety operation: no shorted voltage source, no open
current source. Analysis of power converters topologies

LK{O

O]

-
4
|

o

A
I >

@ i

Buck Rectifier

i+
=

Fig. 3:

show, that medium and high power converters are built up
from different interconnected half-bridges (Fig. 3). Further,
the control of switches in half bridge is very tied: if oneisin
on state, the other one has to be in off state.

Fig. 2: Basic switches topologies. From left to right:
voltage unidirectional, current unidirectional
and bi-directional.

2.1. Impact of soft switching techniques

Reduction of thermal dissipation is very important issue in
integration of PEBB elements into compact peace of hard-
ware. Meanwhile the contribution of static losses is reduc-
ible only by inventing a new semiconductor switches, the
switching losses can be reduced also with appropriate
modulation techniques as well as with use of soft switch-
ing. So far, many soft switching topologies have been pro-
posed to reduce the switching loss and improve the per-
formance of converters. All have been evolved from reso-
nant converters, quasi-resonant converters, muiti-resonant
converters, soft switching PWM converters including zero-
voltage transition (ZVT) and zero-current transition (ZCT).
They can be classified be classified into two categories:
zero voltage switching (ZVS) and zero-current switching

By —
A o
. YV Y
( VD@ é Hg
DC/AC CSI
T . - 7
(“i_*. & 0—!‘1% K - i 'y
,mﬁﬁv{ ﬁ*‘ . Jo
H’L,& o] lﬂ oy

Three-Level DC/AC Converter

identification of a PEBB Switching cell: The commonality in the power converters is presented as the shaded block
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(ZCS8). ZVS reduces the switch turn-on loss by forcing the
switch voltage to zero prior to its current flowing, while ZCS
reduces the turn-off loss by forcing the switch current to
zero before its collector-emitter voltage increases from zero
to turn-off static value. For medium to high power applica-
tions, ZVT and ZCT are more suitable than other soft switch-
ing techniques, since they combine the advantages of PWM
control (i.e. minimum switch static voltage/current dynam-
ic and minimum circulating energy), and the advantages of
soft switching techniques, i.e. low switching loss and low
dynamic transition.

2.1.1. ARCP inverter

The ARCP (Auxiliary Resonant Commutated Pole) inverter
belongs to ZVS family of soft switching inverters /6/. Inits
topology (Fig. 4), the voltage across each phase switch
(S, and S, )is driven to zero just prior to its turn on. This is
accomplished by generating a resonant current pulse that
drives the voltage across the switch to zero. The resonant
pulse is formed when auxiliary switch (AC) consisting from
switches A, or A, is turned on just prior to turning off a
phase switch.

A detailed description of ARCP operation can be found in
reference /7/. Briefly its operation can be described as
follows. When the AC switch is gated on, a current begins

to rise linearly through the resonant inductor Ly, inthe con-

ducting phase switch. When the phase switch is turned
off, the current resonates based on the resonant compo-
nent values and then falls back to zero. The peak resonant
current depends on the following (see Fig. 6):

+BUS - |
CBU._S”_ aw_l{agy —“—CH
T {YSW',C,._,.., _
b )
<VD e ’ o ) o)
| A
Caug|__ L
T~ _G i Vo
-BUS |
0 o
) 41 L—W off

Ay \ r«‘
s | )
Az »

Fig. 4:  ARCP schematic and switching timing

- Length of time that both the AC and the phase switch
are turn-on simultaneously (overlap time)

- Input bus voltage

- Resonant component values (L, and Cp)
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For AC switches in ARCP inverters the MCT (MOS Con-
trolled Thyristors) have been developed and provided un-
der the ONR PEBB development program. These devices

can withstand high dv/dr and di/d: stresses making them
ideal candidates for use as AC in the ARCP topology.

300 S, voltage for
resonant current _ ooy Q-(i bus 700
_ 200 for 600 V DC bus ™. \/\, J\/‘v\ e B00
g resonant current @A
S100  fora00VDChus T\ 5008
= [Leet
] i @
§ . 400 L§,
5 / 300 ;;
S H
& -100 i S, voltage for
. / 600V DChus 200
i
200 ] 100
v 0
-300

7649 7,650 7651 7652 7,653 7,654
time [s]

Fig. 5:  ARCP Resonant Transitions.

Efficiency of ARCP inverters strongly depends on resonant
pulse control. Minimization of resonant energy required for
soft switching can be achieved by introducing of a smart
control with self-tuning the overlap time to the actual input
DC bus voltage and actual load current. Example of smart
control is LMARC (Load Modulated Auxiliary Resonant
Current) control algorithm reported in reference /6/.
LMARC determines overlap time according to the instanta-
neous load currents. To insure zero voltage transitions the
adequate safety margins, i.e. more resonant energy than
what is theoretically needed is maintained. LMARC also
considers the facts that the magnitude and direction of the
instantaneous load current flowing through a main switch
or diode can help or hindrance of resonant transitions.

2.1.2. ZCT converters

A ZCT PEBB can be regarded as the combination of two
soft switching cells. One of them is shown within the shad-
ed areain Fig. 8. The relationship between the main switch
and its corresponding auxiliary switch in one PEBB topol-
ogy is diagonal. This means the timing control of A_is relat-
ed to Sp. On the other hand, Ay is related to S.. The key
waveforms and the control timings are shown in Fig. 7, anal-
ysis of improved ZCT can be found for example in /8,9/.
Let be emphases, that ZCT only help the switching transi-
tion, so the power converters with ZCT operates accord-
ing to PWM rather than switching transition. So the con-
troller design is almost the same as at the hard switching
converters,
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Fig. 6: Topology of one ZCT PEBB power stage for
boost rectifier
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Fig. 7 Operation waveforms for the improved ZCT

3. Control and communication isues

The control of PEBB is divided into two parts:

1. Controller of power stage of PEBB, which was named
Hardware Manager (HM), and

2. Controller of PEBB’s applications, which was named
Application Manager (AM).

APPLICATION

POWER  : HARDWARE |
¥ MANAGER

pHETIn  STAGE MANAGER :

DIGITAL

Uoystom  ANALOG
. SIGNALS

©OMIXED
iaction. .. SIGNALS D SIGNALS i _

Fig. 8: PEBB module interfaces

in the beginning to HM belongs pulse-width modulator and
analog-to-digital converters preparing data for AM (Fig. 8).
For AM has been proposed cascade controller structure.
The concerns of inner loop are electric variables like in-
put/output voltages and currents, the outer loops concern
are load variables, for example motor torque and angular
velocity. This solution needs numerous noise sensitive sig-
nal lines between HM and elements of PEBB. This was
eliminated by further development of PEBB concepts where
in PEBB control was introduced smart sensors generating
data instead of signals and smart gate drivers capable con-
verting digital commands into adequate drive signals. In
this concept modulator and AM vas merged into universal
controller (Fig. 9), HM and AM communicate over fast se-
rial bus interface (Fig. 10).

POWER STAGE and

UNIVERSAL CONTROLLER (AMg

10ms

Power E:/ Smarl )
Filter Sensors

~J
L MIXEDSIGNALS

. DIGITAL SIGNALS

FIG. 9: Universal controller with serial bus interfaces

Serial communication between HM and AM has specifics
not found in existed industrial communication systems. As
it is on one hand very simple and mostly performs cyclic
traffics, on another hand it had to be very fast, has very low
synchronization jitter and should be reliable.

1 Universal
master PEBB
node

Controller
125 Mb/s

PWM data in  A/D data out

IlllIIl: gGDEDg g e -

H g Tl & 5

B D} Hanoan ]y s)s]

PEBB | PEBB PEBB

o e (n)
Active Slave Slave
Slave node node
node

Fig. 10: Inter PEBB and UPC communication

4. Interconnections

Interconnection of a PEBB's components into compact
device is one of a major issue of PEBB initiative. There
arise lot of problems because only in rare cases it is possi-
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ble to connect one component directly to the adjacent
component. The stray inductance and capacitance of the
interconnection, which are often impossible to determine
in advance, consequently accurately modeling of the con-
verter is not possible. This leads to a lot of unnecessary
laboratory experimentation during the interconnect devel-
opment. Furthermore, components are not mechanically
interchangeable, requiring sole sourcing of many compo-
nents. One of solutions for above problems is proposition
for a system called Coordinated Interconnect (Cl) /10-
11/, which by a change in component terminations philos-
ophy can greatly improve converter design and construc-
tion. New philosophy emphases the component termina-
tions should not govern the interconnect design, rather the
interconnect design should govern the component termi-
nations. Proposed CI eliminates the wiring harness and
busses typical of present-day converters. The concept of
Cl is to integrate a section of laminated bus, or at least a
bus-like structure into each component. The bus is termi-
nated with a bus edge connector which mates directly to
the bus edge connector of the adjoining component. Con-
sequently all interconnect stray elements are included with
the components and are characterized as part of the com-
ponent data sheets. Therefore modeling of the converter
prior to construction is greatly simplified. Furthermore,
components of various types are mechanically interchange-
able with each other. Finally the concept of Cl allows re-
placement of a single component without disturbing other
components or connections.

Designing Cl the selection of the number of layers is a key
decision. Since Cl should be carried throughout the con-
verter, both the ac and dc sections of the converter should
use Cl. In the dc section buses often require a “+” layer, a
“-" layer, and a midpoint or “0” layer. Coincidentally, the
ac section of athree-phase converter requires three layers
for phases a, b, and ¢. Therefore was proposed a three-
layer system, which could easily be reduced to a two-layer
or enhanced to four or more layers. As shown in Fig. 11, a
vertical tab terminates each of the three horizontal bus lay-
ers. Each tab occupies a width W and is isolated from its
neighbor by separation S. The bus thickness determines
the tabthickness T. The bus thickness depends on com-

Parting Line |
Component1 | Component 2
(abs ony) (il bus)"

] Component 1

Layer 1

\ [

ponent design and can be different for different compo-
nents. All tabs must extend above the baseplate by a uni-
form elevation E. Therefore; the tab height H actually can
vary depending on the distance between the bus layers
and the baseplate. The contact area between the two tabs
is the product of W and H. Three-tab bus edge connector
has not centerline axis symmetry. Lack of symmetry intro-
duces in the converter layout certain constraints like orien-
tation in component placing. The symmetry is achievable
by five-tab bus edge connector (Fig. 12}, but requires five
connections between adjacent components. Beside of in-
creased it has a total of 48 separation between tabs com-
pared to atotal of 25 separation between tabs for the three-
tab design. The additional separation reduces the contact
area and could be a limiting factor if S is large.

Component 1 Parting; Component 2
(tabs only) Line i (full bus)
! i
| Layer 1 (top)- "
r] Layer 2 (middle) |
| Layer 3 (botom) {TT" | Line of |
Symetry |
|

|

]

| o
| Layer 2 (middle)—«[ ]
{

'\\ Layer 1 (top) -|»

Fig. 12: Five-tab bus edge connector for three-layer bus.

Many different techniques could be used to fasten the tabs
to each other. Fig. 13 shows three example methods. Tra-
ditional bolt, washers, and nut (Fig. 13a) are not conven-
ient for mounting, more convenient is use of a spring steel
clip, which can be inserted from above with minimum clear-
ance on either side (Fig. 13b). Similarly is with the screw-
driven wedge (Fig. 13c). By itis possible to connect multi-
ple tabs simultaneously. Those connections can be made
and unmade. Permanent connections such as crimping are
also easily envisioned.

Component 2

Component 1
{underneath)

R
Component %

|

| (top) \

i \Insulators H
[ Layer2 N
I (middle) /Layef 1

! /Layer 2-p

! Layer 3 < Layer 3-»

L (botom)

[ BaseplalelCooler i L -

] I—

Fig. 11: Three-tab bus edge connector for three-layer bus: (a) top view, (b) edge view with coplanar bus layers, (c)
alternate edge view with non-coplanar bus layers and buses of differing thickness.
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Screw Driven Wedge
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Bolt Washers Nut Spr_ing Steel Clip

\, /
\ /

.}/

Fig. 13: Methods to fasten tabs of bus edge connector.

Forwide acceptance of Cl sine qua non condition is stand-
ardization of Cl. At least should be standardized measures
E, S, Hmin, W and position of holes in edge connectors. It
can be expected that those measurements will be grouped
in power classes like PEBB's. Since no currently available
components use Cl, it would be developed in phases with
various components making the transition when possibie.
Advanced technology components would use Cl as an in-
tegral part of the component design, for others adapters
would be used to make the transition however. Example of
it for electrolytic capacitor is illustrated in Fig. 14.

-

Fig. 14: Three layer bus adapter for electrolytic
capacitor. Terminals allow the capacitor to
connect to either "+” and "0” layers or “~” and
“0” layers.

5. Packaging Issues from a Thermal
Perspective

Integration of PEBB's components, determined by circuit
topology, into compact device depends very much on volt-
age, current and the amount of waste heat generated. By
Cl the problems with voltage and currents influence on
package is seems to be efficiently solved, but for wasted
heat is likely that the common methods of cooling have
already reached their limit. To improve performance the
waste heat has to be taken out more efficiently. The sketch-
es below outline the various topologies that can be consid-
ered for packaging a power electronic switch. Each of the
following drawings is laid out in the same basic manner to
emphasize the similarities and differences of the topology.
Each is shown with a generic heat sink (heat exchanger,
fluid link and final heat exchanger).

insulator -

interface -

Fig. 15: Conventional heat sink

Fig. 3.1 shows a conventional heat sink topology. It is the
most common because of its flexibility. With this topology,
the worst is the fleld interface (on the sketch assigned as
interface). Even under the best of circumstances it acts as
a thermal barrier. Because of material performance limita-
tions and manufacturing techniques the overall package
has a lot of layers in the ‘stack’, each interface providing a
thermo-mechanical problem.

The attached and integral heat sink topology (Fig. 16) are
compromise that has been tried a number of times for both
single and double side-cooled packages. At integral heat
sink the insulator is part of the mechanical structure and
overtake the heat spreader functionality, so minimal ther-
mal path from die to heat exchanger seems to make this a
near ideal heat management system. Pool and flow boiling
as well as spray and impingement using Fluorocarbons all
appear to promise very real performance boosts and would
be worth development. Therefore the integral heat sink
topology is a basis for the temporary phases of PEBB pro-
gram.

fluid link-

Fig. 16: Attached (left), and integral (right) heat sink.

The double side cooled topologies are complex layout (Fig.
17). They have similar properties as one side cooled coun-
terparts, but with important benefits, that in comparison to
them have halved thermal resistance. Unfortunately, those
topologies require a new way of connecting the package
to the outside world. Fundamental changes in package
form, power interface and control connection is required.
Inthermal sense the best possible thermal performance is
feasible by integral liquid cooling (Fig. 18) where the heat
exchange liquid is right at the die. Further advantage is
that the package does not need to use the expensive ce-
ramics and engineered metals used in conventional high
performance module designs. The package can be de-
signed as one large heat exchanger operating at a high
temperature. It can be cooled efficiently with forced air.
However the performance and size advantages seem to
outweigh the need to use special liquids. For future high-
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Fig. 17: Double side cooled packages, a: Hockey puck
or press pack, b: conventional, ¢: attached heat
sink), d: integral heat sink.

ing approach.

have approximately equal thermal resistances. Each sin-
gle layer in package has full height; doubled layers are half
height since they would approximately halve the thermal
resistance. This illustration has a lot of simplifying assump-
tions but hopefully it shows why the ‘advanced module
designs are of such interest. This analysis probably under-
states the performance gains of the more ‘advanced’ pack-
aging styles. The pivot in packing development is develop-
ment of packaging materials. For them are many perform-
ance parameters of importance, however the primary are-
as of interest to the PEBB program are thermal issues re-
lating to coefficients, reliability and performance. For relia-
bility the primary driving force is the mismatch of Thermal
Coefficients of Expansion (TCE) between layers in a pack-
aging stack. Thermal Conductivity (TC) measured in W/
mK reflects the thermal performance/power dissipation. A
list of packaging electronic materials with their TCE and
TC considering in PEBB program is in Table 1.

Table 1: Electronic materials

power-density PEBB's this certainly seems to be a promis- TCE TC (W/mK] | Type
Thermal grease - 1 |
Diamond 1 >2300 |
Si,N, 2 270 I
BN 4 600 I
CuGrpht MMC ~4 ~250 C
AIN 4 180 {
Si 4 160 S
SiC 4 270 S/l
CuMoCu 7 200 Cc
ALO, 7 23 !
Fig. 18: Integral liquid cooling BeO 8 240 i
Chart in Fig. 19 shows an analysis of efficiency of different Cu 18 395 C
cooling systems. [n analysis it is assumed that all layers Al 24 205 c
Circuit Board 130 0,24 I
2 heat exchanger -
liquid media AISIC 180 180 C
heat exchanger
interface Solder (Sn/Pb) 210 36 C/A
heat spreader
g‘jﬁgﬁggr Thermal Epoxies <700 1 A

| | [ “Imersion Cooled

| P B Hockey Pack

l feee—————Double side integra
Integral

; Double side attached

Double side cooled conventional
Conventional

Fig. 19: Comparative Thermal Resistance

100

Type codes: | - Insulator, C: Conductor;
S -~ Semiconductor, A - Attach

All numbers are approximate

Conductors have to be directly bonded to the die at least
on one face. Electrical conductivity is a prime parameter
but because of the close proximity to the die, their TCE
needs to be as closely matched as possible. Electrical in-
sulators are relatively good thermal conductors, but the less
expensive ones are generally poor performers in this area.
Most ceramics insulators have relatively small TCE's while
organics have high TCE's. The cheap organic insulators
can be inexpensively formed into complex shapes while
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the ceramics are all expensive to form into anything beside
flat plates.

Attachment materials are solders and organics. The most
common solders are tin/lead alloys and although other
mixtures are used fairly frequently, they have somewhat
similar characteristics. Organic attachment materials are
electrical and thermal insulators; though they can be ‘load-
ed’ with other materials that can modify either or both the
electrical and thermal properties. Organics can be made
to adhere to just about any surface and are generally proc-
essed at low temperatures that give them a great deal of
process flexibility.

Heat spreaders are the relatively thick, flat base-plates of
power modules that provide a stable base on which the
components are mounted in conventional modules. They
are generally made of copper, provide a good path for heat
dissipation, and form a “thermal capacitor’ to absorb heat
spikes and protect the device when a short-term overload
situation occurs. Heat sink/heat exchangers are usually
just extruded or machined aluminum. The term heat ex-
changer is generally used for active devices where hot a
low temperature and usually different fluid flowing on the
other side cool flowing fiuid on one side of an interface.
Most heat exchangers are made of aluminum.

6. Conclusions

This paper demonstrates the progression in development
of PEBB concept and philosophy. From past research and
development can be concluded that PEBB will not have
unique topology. Regard to application the hard switch and
ZVT or ZVT soft switch versions will be available.

The control of power electronics in future will be split into
part integrated into PEBB, which in collaboration with smart
sensors and gate drivers will control PEBB behavior and
will be through fast serial digital communication linked with
application control. This communication will have the same
importance as have 1°C in connections of chips.

The power electronics would benefit enormously if the in-
dustry of elements used in power electronics will accept
system of Coordinated Interconnect just as the computer
and other digital industries benefited from the dual inline
package (DIP) and subsequent surface mount devices. But
that this will happen many important challenges must be
met.

Thermal aspects of PEBB's packaging give insight in prob-
lems of integrating PEBB into compact device. From brief
overview of packing technologies can be concluded, that
integral heat sink technology is basis of temporary phases
of PEBB program. In future, when high temperature devic-
es like SiC elements will be available at reasonable cost, it
seems that integral liquid cooling will prevail. For this cool-
ing a long way of searching for materials with appropriate
TCE is still to be passed.
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Abstract: Results presented in this paper demonstrate that global planarization with a SOG planarization process can not be achieved. However, local
planarization on a predetermined site on a patterned wafer is possible, with a planarization factors of 0.81 for a single step process, 0.86 for a double step
process, and 0.90 for a triple step process. Such planarization invoilves repeating the deposition and densification steps of the SOG material several
times, and can be accurately modeled by a simple model described.

Studija omejitev planarizacijske tehnike s tanko plastjo
tekocega stekla (SOG)

Kljuéne besede: polprevodniki, mikroelektronika, IC vezja integrirana, planarizacija topografije, SOG plasti tanke stekla teko¢ega nanesenega centrifu-
galno, proizvodnja, modeliranje procesov, PECVD nanosi kemié¢ni s paro plazemsko izbolj$ani

Povzetek: Rezultati predstavijenih meritev kazejo, da je globalna planarizacija topografije na silicijevi rezini izven dosega metode planarizacije s tanko
plastjo tekocega stekla (SOG). Vendar pa se z metodo, na dolo¢enem mestu na rezini, da dosedi lokalno planarizacijo, s planarizacijskimi faktoji 0.81 za
enostopenjski proces, 0.86 za dvostopenjskega in 0.90 za tristopenjskega. Taksen vecstopenjski planarizacijski postopek zahteva veckratno, zaporedno

nanasanje in utrjevanje SOG planarizacijskega materiala in ga je mozno natan¢no opisati s preprostim modelom planarizacije, ki je tudi opisan.

Introduction

Device planarization, i.e. reduction of distances between
topography and reduction of the side wall slopes in order
to facilitate subsequent processing steps, is an important
consideration in IC fabrication technologies where circuit
features are scaled to submicron dimensions. It is most
critical during the final steps of fabrication, when several
metallization and dielectric layers are deposited, and is used
primarily to enhance step coverage of these layers. Often
only partial planarization (smoothing of topography), with
limited step heights reduction is sought /1,2/. However,
sometimes complete local planarization is required, and
even complete global planarization, where the surface of
the wafer is completely planarized over arbitrary topogra-
phy. The latter requirement arises e.g. in LCD technolo-
gies where the globally planarized wafer surface is the lower
electrode of a LC display /3/ or in ferroelectric memory
devices /4/.

There are several planarization techniques used in IC
processing /5/. Physical methods include polishing, which
is usually applied where complete and global planarization
is required, and different techniques where planarization
of existing dielectric layers is attempted by film reflow, etch-
-back of sacrificial layers etc. Fluidic planarization tech-
nigues utilize low viscosity of certain materials, e.g. pho-
toresists, polyimides and spin on glasses (SOG), which can
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fill the trenches in wafer topography. These methods are
simple to apply and usually require low processing tem-
peratures (below 400 °C). However, compatibility of the
fluidic materials with the standard dielectric materials is a
serious concern, and, as a rule, only limited planarization
can be achieved by such methods. In this contribution the
limits of the SOG planarization methods are studied and
described.

Experimental

Planarizing characteristics of the Allied Chemicals Accu-
glass series 204 SOG material were studied. SOG films
were deposited on 4" wafers on a Semiconductor Systems
Inc. System One modular coater with an on-line drying oven,
at 3000 r.p.m. and the deposited film dried at 100 °C for
60 sec. Resulting film was 315 nm thick, with better than 1
% (+ 1) waferto wafer repeatability in uniformity. Densifi-
cations were performed in a Blue M, model IGF 206B-3
furnace, in a nitrogen atmosphere. A Semix Tazmo model
TR 6132U (D) coater, with 3 ovens, was also used at later
stages of the work, eliminating the need of a separate oven
for low temperature (305 °C) densification. High tempera-
ture densification (900 °C) was performed in the Blue M
oven in all cases. The resuits of planarization processing
were photographed on a Hitachi model 405 scanning elec-
tron microscope and photographs analyzed.
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The patterned wafer topography was simulated by a pat-
tern of 10 parallel aluminum lines on field oxide. The lines
were 2.5 um wide, 0.35 um thick (i.e. step heights 0.35
um) spaced 1.5 um apart (i.e. at 4.0 um pitch), 3 um, 4.5
um, 6 um, and 7.5 um apart. All planarization factor data
presented are an average of 5 measurements on 5 differ-
ent wafers, with 2 % (+ 10).

Results and discussion

Rapid evaporation of the solvent from the SOG material
during the deposition process challenges detailed analy-
sis and prediction of the degree of planarization possible
with such a process. A guantitative measure of the step-
height reduction, referred to as the planarization factor B,
is given by

B =1 (tfstep/tistep) (1)

where thyep and thep are the final and the initial step heights,
respectively. In complete planarization § = 1 and 0 if no
planarization exists.

The rheological (fludic) deposition model, which is often
used in analysis of the spin-on processes and is based on
the Navier—Stokes equations /5/, suggests that covering
a patterned wafer with a fluid film (SOG, photoresist or poly-
imide) results in a completely flat top surface of the film,
which remains flat until a considerable amount of solvent is
removed from the material. After the removal of the solvent
only non-volatile components of the film material remain
on the wafer surface. If the proportion of the non-volatile
components in the SOG material is k, the planarization fac-
tor achieved during the evaporation of the solvents is sim-
ply p = k, regardless of the thickness of the deposited
planarizing film and the resulting partially planarized wafer
topography still reflects the underlying topography. In case
of Accuglass 204 SOG material, which contains 10 % of
nonvolatile components (as specified by the producer), a
maximal planarization factor of fiq = 0.1 could thus be ex-
pected, as a result of drying of the material. However, this
would only be true if during evaporation of the solvents no
gross transport of the planarizing material, driven by the
surface tension, occurred. This is clearly not the case: in
dense topography we have been able to achieve {J as high
as 0.83 (depending on the details of the wafer topogra-
phy), and less than 0.1 on isolated lines or lines separated
by more than 4 to 5 um. This indicates that the transport of
the planarizing material during evaporation of the solvents
plays an important role in the SOG planarization process.

The guality of the surface underlying the planarization film
also effects the planarization process and is also not pre-
dicted by the rheological model. A SOG film deposited on
a bare, flat silicon wafer is not uniform across the wafer: it
is generally 1.2 % thicker on the wafer center than on its
edge. The situation is reversed on films deposited on wa-
fers covered with a 1.3 wm thick PECVD oxide film, which
also has a flat surface: in this case the SOG filmis 2.7 %

thinner in the center of the wafer. Also, at identical coating
conditions, average thickness is 3,5 % less than on the
bare wafers. SOG films deposited on patterned wafers (pat-
terned aluminum on field oxide) simultaneously exhibit sur-
face and topography effects: their thickness similar to those
on PECVD oxide, with a 8.8 % reduction of thickness in
the center. These effects are quite reproducible and are
several times larger than the pertaining standard deviations
of the film thickness as measured at standard positions on
the wafers /6/. We conclude that both the surface quality
and its structure have important influence on the local thick-
ness of the deposited SOG films, precluding total global
planarization with such a process. However, locally the to-
pography effects prevail, which makes partial, local planari-
zation possible.

Another difficulty in analyzing in detail the SOG planariza-
tion process arises from the rapid drying (evaporation of
the solvents) and the associated thinning of the SOG film
at 100 °C, the recommended temperature for this stage of
processing. No further thinning due to evaporation of the
solvents can be observed after only 60 sec, which makes
it difficult to measure the original film thickness, unless
depositions and thickness measurements are performed
in an atmosphere saturated by the solvents. Such meas-
urements have been attempted with inconclusive results:
they suggest an as-deposited film thickness of 4um, which
can be compared to 5.6 um, the result of a calculation
based on the rheological model, material and the deposi-
fion parameters.

As a consequence of the high volatility of the solvent sys-
tem used the SOG material, the amount of solvent evapo-
rating during the spinning and the formation of the film is
considerable, thereby rapidly and locally changing the sur-
face tension and viscosity of the spun-on material. The
surface diffusion model of the planarization process, which
is often used to model planarization by reflow of doped
glass and is conveniently accessible in different simulation
packages (e.g. SAMPLE), is therefore unsuitable for simu-
lations of the SOG planarization process. Detailed mode-
ling of the planarizing properties of the liquid SOG material
is therefore difficult and only semi-empirical attempts in this
direction have been published /7/.

After initial drying the behavior of the SOG film becomes
well predictable /6/. During densification at 305 °C initial-
ly some further expulsion of the solvents from the pores of
the film is observed, resulting in thinning of the film in an
exponential manner, with a characteristic time of 0.50
hours. After this initial thinning, densification proper of the
film can be observed; it also follows an exponential curve,
with characteristic time of 1.3 hours. After 3.5 hours of
baking at 305 °C the SOG film thickness does not de-
crease further appreciably. The quality of the deposited
film is determined exclusively by the second stage of the
densification and results in a porous film. Further heat treat-
ment at a higher temperature reduces the porosity /8/,
however if the planarization is applied at a stage where a
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metal (aluminum) film is present on the wafer, the possibil-
ity of densification at elevated temperatures is strictly limit-
ed. Densification at 900 °C removes all traces of silanols
and Hz0 from the film, as has been demonstrated by IR
spectroscopy /9/, but still does not eliminate porosity com-
pletely. This is illustrated by our rehydration experiments in
which freshly densified films at this temperature were ex-
posed o an atmosphere saturated with water and from
which the films can reversibly adsorb H2O. The degree of
water adsorption has been monitored by measurements of
the dielectric constant of the SOG film, which ranges from
4.6 inadryfilm densified at 900 °C to 8.3 in a rehydrated
film. These results closely correspond to those reported
previously /10/ and indicate that moisture content (and
possibly silanol content) in SOG films can be, due to pos-
sible reactions of the moisture from the film with the alumi-
num, potentially a serious source of quality degradation
problems /11/.

In modeling of the planarization factor of the two stage
densification process at 305 °C, the initial thinning due to
expulsion of the solvents from the film can be, without ap-
preciable loss of accuracy, neglected, and only the char-
acteristic thinning time of the second stage considered.
This is due to the relatively small change in the film thick-
ness during the initial stage and the long densification times
of the second one. The planarization factor for the densifi-
cation step only, at specified temperature, is fq = 0.90.
Thus the compound planarization factor for the initial dry-
ing and densification is

B = Bis Pa

and depends strongly, as described above, on the topog-
raphy: itis 0.09 for isolated lines and 0.81 in case of 0.35
um step heights of 2.5 um wide lines with 4.0 um pitch.

Attempts at panarization with 2 subsequent SOG deposi-
tions revealed that a SOG film dried at 100 °C is readily
attacked by the solvents in the SOG material itself and is
partially removed during the second deposition. This is
demonstrated by the compound thickness after drying
which increases by only 50 %, and a resulting Big , which
is, in case of isolated lines, not significantly different than
that of one deposition only. The influence of the substrate
topography on the double film planarization factor is even
greater than in single film case, probably due to the fact,
that the material in the trenches between the lines is less
accessible to the solvent than the more exposed material.
However, no regularity in the planarization factors could
be observed for such a process and we therefore con-
clude that this is not a viable planarization procedure.

Deposition of a second film after densification of the first
one (at 305 °C) resulted in doubling of the compound film
thickness and an increase in the planarization factor 8 from
0.81 10 0.86, an increase of 6.2 %. This increase can be
modeled by replacing k, the proportion of the non-volatile
components in the SOG material, in the expression for §,
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by a related empirical parameter f. This characterizes the
dynamic drying-out and densification processes by their
end results, i.e. the thinning of the planarizing film at a par-
ticular site on the wafer, and thus takes account of all the
effects governing the film thinning process at the site. f has
to be determined experimentally. If the ratio of the f param-
eters, describing the reduction of the deposited SOG film
thickness under and on a step of initial thickness t‘step ,is
taken to be proportional to the step heights:

r = funder/fon = a.. tistep +1

where & depends on the details of the topography to be
planarized, the resulting planartization factor of a multiple-
step planarization process can be predicted for a prede-
termined site on the wafer. In case of parallel lines of the
above mentioned dimensions, and for the Accuglass 204
SOG material, a = 7.1 and the model predicts a planariza-
tion factor § = 0.86 for a double deposition of the SOG
planarization material, and 0.90 for a triple deposition. Both
values agree well with our experimental data. Reasults are
summarized in Table 1. However, such an empirical model
can only be used for determining 3 on a predetermined
site on the wafer, with specified topography. It is of little
value for estimating the degree of global panarization across
the wafer. Further, multiple-step planarization is a process
of diminishing returns and total planarization, even locally
at a predetermined site, may not be a realistic goal of such
a multi-step process.

Conclusion

A detailed understanding of the planarization process is
required to design a planarization process which results in
the required degree of planarization of a production wafer.
Our results demonstrate that global planarization with a
SOG process is extremely difficult, if not impossible, to
achieve, but local planarization with a planarization factor
of 0.9 is certainly within its reach. Such a process involves
repeating the deposition and densification steps of the SOG
material several times, and can be, for a predetermined
site on a patterned wafer, quite accurately modeled by the
simple model described.
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Table 1. Planarization factors after different stages of SOG planarization process

Planarization stage

planarization factor

deposition (including evaporation of solvents at 100 °C, p,,): isolated lines 0.09

deposition (including evaporation of solvents at 100 °C, B,): dense topography 0.9

double deposition with no densification: isolated lines

~ 0.1

double deposition with no densification: dense topography

~ 0.8, not repeatable

densification (B,) 0.9
compound (8, . B): dense topography 0.81
double planarization: dense topography 0.86
triple planarization: dense topography 0.90
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ELECTRONIC BRACE FOR THE MEASUREMENTS AND
ELICITING OF MUSCLE CONTRACTIONS IN A DOG’S ANKLE
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School of Medicine, Institute of Pathophysiology, 'ITIS d. o. o.
Centre for Implantable Technology and Sensors, Ljubljana, Republic of Slovenia

Keywords: medicine, physiology, physiologic measurements, dogs, electronic braces, ankle rotation, muscle contraction, spontaneous muscle contrac-
tion, stimulated muscle contraction, isometric muscle contraction, isotonic muscle contraction

Abstract: An experimental electronic brace, which is able to evaluate torque in the ankle joint of a dog elicited by spontaneous or stimulated muscle
contraction, has been developed. The brace is also able to impose electrically controlled passive movements on the dog leg. Precise-passive move-
ments, as passive external, electrically-controlled flexion or extension of the ankle of a dog leg, are defined in as speed and angle of rotation/movement.
On the other hand, switching in a certain working mode, the brace, equipped with force transducers and a goniometer, could serve for measurements of
isometric (Jlocked mode) or isotonic contractions (active mode and passive mode) of a dog leg.

Arange of the rotation around the ankle joint is limited between -40 and +55 degrees according to the neutral position. The calculated endurance moment
ofthe brace is 2.41x10™* kg m?s™!, while the speed of electronically controlled movement of the brace in the passive mode is up to 78 degrees/second,
respectively. in the active mode the brace is able to rotate synchronously with the dog ankle joint with a speed of up to 400 degrees/second. The
maximum frequency, on activation of the tibjalis anterior muscle current, when the amplitude of flexion was 50 degrees, was 7/min. in the locked mode
the brace is able to measure the amplitude of force of a dog leg isometric contraction elicited by electrical stimutation. The force transducer with a natural
frequency of 8 Hz and compliance of 0.4 um/g represents a very linear dependence of the output voltage upon the load with a transducer sensibility of
0,5 mV/mN at a bridge excitation voltage of 5V. The nominal range of each transducer is 0-70 N.

Elektronska opornica za pasivno gibanje pasje noge in
meritev kontrakcije v pasjem kolenskem sklepu

Kljune besede: medicina, fiziologija, merjenja fiziolodka, psi, opornice elektronske, rotacija gleZnja, kréenje misic, kréenje misic spontano kréenje
misic stimulirano, kréenje misic izometriéno, kréenje misic izotoniéno

Povzetek: Izdelali smo elektronsko opornico za pasjo nogo, s katere je mo& meriti momente v pasjem gleznju, ki ji izzovejo misice ob spontanem ali
stimuliranem kréenju. Poleg tega je mogoce z opornico izzvati v naprej predvidene pasivne gibe pasje noge z natanc¢no dolo¢eno hitrostjo kréenja ali
raztegovanja in kotom premika opornice ter s tem na njo pritrjene pasje okondine. Razen tega lahko opornico priredimo za meritve izometriéne kontrakcije
(locked mode) ali pa izotoniéne kontrakcije (active mode) ter za prej omenjena programirana gibanja opornice (passive mode),

Kot za katerega se lahko zavrti opornica opornice glede na nevtralno lego, dolo&eno z nevtralno lego pasjega gleznja, je od -40 do 55 stopinj. Izradunani
vzirajnostni moment opornice je 2.41x10™* kg m?s™. Pri pasivnem, programiranem gibanju opornice je mo¢ nastaviti hitrost rotacije v obmodju od nekaj
stopinj/sek do najve¢ 78 stopinj/sek. V aktivnem nacinu pa se opornica lahko zavrti, skupaj z stimulirano pasjo nogo, s hitrostjo tudi do 400 stopinj/sek.
Najvecija frekvenca drazenja misice tibialis anterior, pri kateri je bilo mo¢ izvajati meritve v aktivnem nacinu brez popacenja (amplitudi zasuka opornice 50
stopinj) je bila 7/min. Na opornico je bit vgrajen tudi senzor sile, katerega resonanéna frekvenca je bila 8Hz, podajnost (compliance) 0.4 pm/g in
obc¢utljivos 0.6 mV/mN (nhapajanje 5V). Obéutljivost je bila pri napajanju s 5V v pri¢akovanem podrodju merjenih sil (0-70 N), povsem linearna.

introduction Materials and Methods

In physiological studies of muscle contraction and contem-
porary nerve activity it is suitable to have special equip-
ment for eliciting controlled mechanical contractions of dif-
ferent muscles. The aim of this work was to develop a
mechanical system that would be able either to measure
or to impose movements of a dog ankle. Therefore, the
aim of our work was to develop a special electronic brace
forthe dog leg. The brace should be able to elicit precisely
defined (angle and speed) passive movements of a dog
leg. On the other hand, the characteristics of both, iso-
metric and isotonic contractions of a dog ankle muscle,
caused by electrical stimulation, should be measured.
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The brace

The brace consists of a mechanical joint that could be at-
tached to the ankle of a dog. Such a fixed mechanical joint
{ankle) turns around together with the ankle of a dog con-
tinuously. The artificial mechanical joint is a construction
of one fixed part, artificial ankle and a rotate-able fine bear-
ing, which, fixed on a dog leg, forms common axes with
the joint of a dog (Fig. 1). The joint is connected to the
actuator by mechanical transmission with a hysteresis an-
gle of £0.5 degree. The system measures the angle of ro-
tation and the torque induced by the ankle of the dog ei-
ther due to electrically powered passive rotation of the
mechanical joint or electrical stimulation of the dog mus-
cles. The rotate-able artificial ankle has the function of a
force transducer at the same time. The brace is construct-
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ed in such a way that it could be used for experiments ei-
ther on the left or on the right leg. It just has to be turned
around on the white or black plate (see Fig. 1).

tions divided by angles of rotation and is equal to 2.66:1.
The mechanical transmission was selected on the basis of
the specified requirements of acceleration and velocity in

A mechano-electric transducer
B DC motor/gear
C goniometer

Fig 1. The brace. The bear brace is shown on the left of the picture, the positioning of the dog leg into the brace is
shown on the right. A) position of force transducer, B) DC motor/gear, C) goniometer.

Description of the sensors

Mechano-electric transducer

The force transducers were made up of a full Wheatstone
bridge composed of four semi-conductor strain gauges /1/
bonded on the artificial ankle (Fig.1.). The voltage signal,
produced by a deformation of the semi-conductor strain
gauges, is amplified by a precision strain gauge amplifier
(Linear Technology, LT 1101).

Sensor of angle rotation - a custom designed
goniometer

In order to measure and control an angle in the joint a cus-
tom designed goniometer manufactured from a precision
potentiometer with a resolution of 0.1 degree (/TIS d.o.0.,
Liubljana) is mounted at common axes with the rotate-able
artificial ankle (Fig. 1).

Mechanical part of the brace

Passive movements of a dog ankle are elicited electrically
by powered motor movements of the artificial ankle brace
transmission (Fig. 1).

Actuator system

The complete actuator system is mounted on an aluminum
plate, the base of the brace. it is possible to regulate the
motor speed and number of revolutions by the PC control-
ler. The ratio of transmission is defined by motor revolu-

the passive mode with respect to the friction of transmis-
sion. The chosen system comprises a direct current (DC)
motor within grounded iron cage to minimize electromag-
netic artifacts.

Motor control

An actuator system involving the aforementioned DC mo-
tor/gear system (Fig.1) is mechanically connected to the
mechanical joint, and joint thus transferring the torque to
the dog joint. By position feedback obtained through meas-
uring an angle in the mechanical joint, the motor is regulat-
ed in such a way that it rotates at a chosen speed for any
angle according to the neutral position of the ankle. The
mechanical system is able to operate in three modes: pas-
sive, locked and active mode. In the passive mode the
brace is able to rotate the ankle by a predefined angle at a
different predefined speed. Therefore, in this mode a rota-
tion from the actuator is transferred to the ankle joint, thus
imposing a stretch of a dog ankle extensors or flexors. The
common friction, expressed as the certain amount of torque
in the passive mode, is composed of friction of the poten-
tiometer, four fine bearings and the transmission. In the
locked mode, the position of the motor and artificial ankle
is locked at a desired angle in order to measure the iso-
metric torque elicited by electrical stimulation of the mus-
cles or muscle group under investigation. The force trans-
ducers, described above, measure the torque of contrac-
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tion through deformation of the sensors. In order to achieve
a dynamic range of measurement in the active mode, the
system is able to follow the ankle joint rotation with fast
cadence elicited by electrical stimulation of a nerve or
muscle.

Measurements of passive and dynamic
characteristics of the brace

Passive characteristics of the brace

The maximum speed of the ankle movement was deter-
mined by goniometric measurement of an angle speed of
the spare brace rotation at the highest DC motor perform-
ance.

Brace friction

The common friction of the brace was defined by feeding a
known DC to the motor and measuring the mechanical
energy output. The difference of the input and output en-
ergies reveals the friction of the system.

Dynamic characteristic of the brace

The dog muscle contraction was elicited by electrical stim-
ulation of the sciatic nerve using stimuli with frequencies
ranging from O to 20 min™". Since contractions of the leg
were detected by the brace, we could determine the fre-
quencies where the response of the brace is linear. This
means that the ratio of stimulus/contraction detected with-
out artifacts due to the brace friction or endurance is 1.

Endurance moment of the artificial ankle

The endurance moment of the brace was calculated con-
sidering the dimensions (14 x 3.3x 1 cm), shape and ma-
terial (aluminium) of the artificial ankle.

Selective stimulation of fibers in the sciatic nerve
of a dog with a 33-electrode stimulating and
recording spiral cuff

The cuff was made by bonding two 0.1 mm thick silicone
sheets together /2-5/. One sheet stretched and fixed in
that position was covered by a layer of adhesive material
(NuSil, MED-1511). A second unstretched one was placed
on the adhesive and the composite was compressed to a
thickness of 0.3 mm. When released, the composite curled
into a spiral tube as the stretched sheet contracted to its
natural length. 33 electrodes (0.6 x 1.5) mm made of 0.05
mm thick platinum ribbon connected to lead wires were
mounted on the third silicone sheet. They were arranged
in three parallel spiral groups each containing 11 electrodes
at a distance of 0.5 mm. The distance between the spiral
groups was 6 mm. Electrodes of the central group were
connected to lead wires individually, while the correspond-
ing outer electrodes were shunted to each other and then
connected to lead wires. The silicone sheet with electrodes
was bonded on the inner side of the cuff. The cuff with an
inner diameter of 2.5 mm was trimmed to a length of 20

108

mm. The lead wires were connected to the connector to
be implanted within the lateral subcutaneous tissue for the
time between stimulation. Rectangular, bi-phasic, charge
balanced, current pulses with a frequency of 20 Hz and
amplitude of up to 1 mA were delivered on the central elec-
trode of each GTE within the cuff. As a neutral electrode a
hypodermic needle was inserted in the subcutaneous tis-
sue of the thigh, slightly proximal to the cuff.

Selective recording of electro-neurogram (ENG)
from the sciatic nerve of a dog

The cuff already described above was used also for the
selective recording of the ENG from a dog nerve after pas-
sive or active dog leg movements. ENGs are recorded dif-
ferentially and selectively with the spiral cuff (see above)
from two superficial regions of the sciatic nerve innervat-
ing mostly the aforementioned muscles /6-7/. Since the
motor system has to operate simultaneously with noise-
sensitive ENG measurements, the electromagnetic noise
of the motor system was reduced by using a RF! filter and
ferrite cores on the supply connections. Shielded wires
and the motor and proper ground connection were imple-
mented throughout the entire electrical circuit.

Results
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Fig 2. Detection of the contraction of the dog ankle
in the passive mode of the brace. The upper
trace shows a neurogram recorded from the
sciatic nerve after rotation of the brace and the
dog leg with a DC motor system at 50 degrees.

In the passive mode (Fig. 2) the brace is able to rotate to a
maximum extension of 45 degrees and of maximum flex-
jon of 55 degrees, according to the neutral position of the
ankle. The DC motor/gear system is able to perform move-
ment of the artificial ankle with a speed of up to 78 de-
grees/second. However, practically we could not exceed
7 passive movements with maximum amplitude of flexion
and extension of a dog ankle per minute during the exper-
iments because of the combination of endurance and fric-
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tion of the complete system and resistance of the dog an-
kle.

The friction of the system presents less than 2% of the in-
put electric force. In the active mode the brace is able to
measure reliably the parameters of a dog ankle contrac-
tion elicited by the electrical stimulation of a nerve. In or-
der to follow the ankle joint without resisting the movement,
the brace is able to perform an ankle rotation of up to 400
degrees/second synchronously with a dog ankle. The cal-
culated endurance moment of the brace is 2.41x10™ kg
m?s™'. The maximum freguency at which the ratio stimula-
tion/contraction is lower than 1 depends on the amplitude
of the brace movement due to the dog's leg contraction. In
our experiment, at an amplitude of 50 degree of flexion
and sciatic nerve stimulation current of 1.4 mA, the maxi-
mal frequency of stimulation was 10/min. Above this, we
could not measure the contraction parameters of a dog
ankle at the maximum amplitude of flexion and extension
without artifact any more.

electrical neuro-stimulus

i1 "

S L

T

" ¥
- CORLragtion force;..
: i =

<

Fig 3. Detection of the force of contraction of the
dog ankle in the locked mode of the brace.
The upper trace shows the neuro-stimulus
applied to the sciatic nerve. The lower trace
shows force of the dog leg developed after
nerve stimulation.

In the locked mode (Fig. 3) the brace is able to measure
the amplitude of force of the dog ankle contraction elicited
by electrical stimulation. The transducers with a natural fre-
quency of 8 Hz and compliance of 0.4 um/g represent a
very linear dependence of the output voltage upon the load
with the sensibility of transducers being 0.5 mV/mN at a
bridge excitation voltage of 5V. The nominal range of each
transducer is 0-70 N.

Discussion

According to the aims of the brace construction determined
in the introduction, we can conclude that all of the afore-
mentioned requirements were met. The brace is a suitable
tool for the study of contractions of different muscles or
muscle groups of a dog leg as a result of selective stimula-
tion of a peripheral nerve. On the other hand, nerve activi-
ty from a peripheral nerve, describing the torque and an-
gle of rotation in the ankle joint as a consequence of flex-
ion or extension elicited by the brace or by passive move-

ments of the leg, could be recorded. The limitation of the
transducer is that it has a relatively high endurance that
could not be easily diminished. It enables recordings of
muscle contraction parameters at higher frequencies of
nerve stimulation. On the other hand, the brace, due to its
low friction, permits the recording of isotonic forces of con-
traction. When using the /ocked brace mode, measure-
ments of isometric muscle are also possible. The brace is
a suitable and low price research tool. lts construction could
be easily adapted to the experiments on animal legs of dif-
ferent sizes and force of contraction.
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APLIKACIJSKI CLANKI
APPLICATION ARTICLES

TANTALUM CAPACITOR REPLACEMENT
WITH CERAMIC CAPACITOR

|lztok Sorli, MIKROIKS, Ljubljana

High Capacitance MLCC

For several years we have been facing periodic variations
of availability and price of Tantalum capacitors. In the past
this behaviour was due to political and economical strate-
gies.

Today it is the poor supply of Tantalum raw material that
drives the Tantalum capacitor crisis. At present we see a
price growth of 50% (from 0.2 USD to 1.0 USD) for normal
Tantalum capacitors; the forecast is for a further hike in the
next year. Murata can help to solve this problem by offer-
ing many ceramic capacitors that directly replace electro-
Iytic and Tantalum types.

Before we discuss about electrical characteristics, part
numbers efc., let us briefly summarize some basic con-
cepts of high capacitance usage. Figure 1 shows principal
circuits that need high capacitance values.

Smoothing

The function of C1 and C2 is to smooth ripple and voltage
fluctuations at the input and output of the LDO (Low Drop
Out Regulator). C2's ESR and ESL are most important
because they are responsible for the purity of the output
voltage. In the past high value Ta capacitors were used;
now it is possible to use ceramic capacitorsat 1/2t0 1/10
of the Ta values used.

Bypassing

C3 creates a "virtual" ground for the transistor which "be-
lieves" it is working at ideal conditions. The static and dy-
namic parameters are satisfied and the active device is prop-
erly used. Also in this case the ESL of the capacitor is of
the mostimportance since a low value avoids self - oscilla-
tion problems.

Coupling

In order to link two stages (for example pre amp to power
amp) C4 is basic. This capacitor transfers only the signal
and does not modify the DC parameters. For the example
mentioned, it is the most important that the capacitor is
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not polarized in order to avoid signal distortion. What bet-
ter solution than a ceramic capacitor?

Smoothing

i
Icn

LDO

__%,;_2.__

—

Bypass ~ ———-- Ql
R1 I C3
Coupling -
R2 Q3
______ C4 |
Q2 R3 E
Figure 1: Examples of principal circuits where

capacitors with high capacitance values
are mostly used

Technical Aspects of Multi Layer
Ceramic Capacitors

Despite the simple construction, monolithic ceramic ca-
pacitor provides both high-speed response and an excel-
lent high-frequency characteristics; the capacitance range
has generally reached just approximately 1uF until now.
However, with recent advancements in the thin-layer/mul-
tilayer forming technology for dielectrics, as well as the tech-
nology for using base metal for internal electrodes, the
capacitance range now exceeds 1uUF. Moreover, capaci-
tors with capacitance of up to 100uF have been devel-
oped and are now being used.
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Multilayer Ceramic Capacitors (MLCC) are built as a kind
of “sandwich”, composed of conductive layers separated
by a dielectric (ceramic). Two conductive terminations are
added to provide solderability, figure 2.

The mathematical formula that relates all the mechanical
and electrical parameters to the capacitance values is as
follows:

£ XEXSXn
- d

where

* €o: dielectric constant of vacuum
* ¢: dielectric constant of ceramics
* S: active area per layer

* n: number of ceramic layers

*  d: thickness of a layer

With this equation in mind, the means of obtaining high
value multilayer ceramic chip capacitors are:

*  thinner dielectric layers

* increased number of dielectric layers

* increased active area

*  increased dielectric constant

IR
TERMINATION CERAMIC UNIT
INNER ELECTRODE
A - ACROSS SECTION
B 7 T S
i 8]
;, ! 4 Numbse of Layer
03 \
3 H aal ;
2 i <
I . ;ﬁﬁ""\
} ™
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Cross secton of Hegh-Capactfonce MLCC
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Fugure 2: Structure of a ceramic capacitor

A} device cross section

B) physical cross section as seen on electron micro-
scope; the graph is showing how higher capacitan-
ces of X7R and Y5V ceramic capacitors can be ob-
tained by thinning dielectric layers and by increas-
ing their number

The mostimportant parameter that can enable an increase
in the capacitance of monolithic ceramic capacitors is the
thickness of the dielectric element. Year by year, the die-
lectric element thickness becomes ever smaller. Current-
ly, products with a dielectric element of 2 ~ 3 um thick are
on the market, and recent products with dielectric elements
only 2um thick or less have been developed. The core tech-
nologies for supporting thin-layer products include tech-
nologies for ultra-fine graining and low-temperature firing
of ceramics, non-reduction material technology, and tech-
nologies for graining and dispersing the electrode materi-
al, as well as using base metal for the electrode material.
These technologies are much advanced compared to more
conventional ones.

Consequently, the delicacy of a MLCC design is clear. A
good capacitor is the result of a good balance between
materials, thickness and dimensions.

This demonstrates the difficulties to be overcome in order
to obtain small, high value capacitors with good tempera-
ture performance and high working voltages.

Reliability Superiority of Ceramics over
Tantalum

Breakdown voltage

In figure 3 there are two important points that must be ob-
served:

* considerably higher actual breakdown voltage of ce-
ramic capacitors compared to tantalums

* enormous safety factor between stated working voltage
and actual breakdown voltage of ceramic capacitors

This only means that the ceramic capacitor is more reliable
and that can safely operate at the stated working voltage; it
would also seldom fail due to overvoltage spikes which
would kill tantalum capacitor.
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Sample
(1) MLC X7R 1 xF 10V (GRM40X7R105K10)
(2) MLC Y5V 4.7 uF 16V (GRM42-6Y5V475216)
(3) MLC Y5V 4.7 4 F 16V (GRM230Y5V475Z16)
(4) MLC Y5V 10 uF 16V (GRM235Y5V106216)
(5) TA1 uF 16V (A case)
(6) TA 4.7 uF 16V (B case)
(7) TA10 ¢ F 16V (C case)
600
2 500 &
) MLC X7R .
1 uF 10V
& a00f
< MLC Y§V
= 47 uF 16V § L]
C>) 300 [ MLC Y&V MLC YSV
z A7 uFI6Y [ 10 uF 16V
% 200 |
S TA TA
< i uE 16y |TA 10uF 16V
g 100 4.7 xF 10V
o H z [
0
(1) (2 3 4) (5) (6) (7}
Figure 3. Comparison among measured breakdown

voltages of ceramic and tantalum
capacitors

ESL & ESR vs Frequency

Unique features of ceramic capacitors are their fow Equiv-
alent Series Resistance (ESR) and Equivalent Series In-
ductance (ESL) especially at high frequencies. Thisis clear-
ly demonstrated in figure 4 where differences among two
types of ceramic (X5R and Y5V) capacitors and tantalum
capacitors are shown.

The superior performance of the ceramic is extremely clear,
allowing optimization of final circuit. Because of this effect,
in most cases itis even possible to reduce the capacitance
values of ceramic capacitor compared to tantalum, while
filtering very effectively.
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frequency (Hz)
Figure 4: ESL and ESR of ceramic versus tantalum

capacitors

Allowable Power
The low ESR is the feature of MLCC that allows high peak
current. This guarantees very fast response to high speed
current transients.
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The low ESR (at medium/high frequencies) also causes
low self-heating when ceramic capacitor is under stress at
high frequencies and under high voltage.

100
[
10 /Ta, XER——" MLCC
1'!, Z =Ze=s
R -
/ : e ALEC1206 SR 10F 6.3V |
1 z — YV IE A
" —— ToluF 16V —
0 : |
Alrms) { 2 4 b 8 10
Figure 5: Temperature rise of different capacitors
working at 100 kHz
Attention

When designing circuitry with ceramic capacitors two im-
portant things must be taken into consideration: capaci-
fance versus temperature behaviour of different ceramics,
as well as capacitance versus bias voltage dependence,
as summarized in figures 6 and 7. In these two specific
cases only the performance of X7R ceramics is compara-
ble to tantalum, while Y5V is inferior.

Specification TC Temp. range [ Cap. change from 25°C
X7R -55 - 4+125°C +15%
Y5V -30 - +85C +22/-82%

—— MLC X7R 1 uF
—= MLC Y5V 4.7 ;iF 16V
- TA1uF 47 uF

40
20 f
T P Ta
L of
§-205 \\ KAR
%40: \\\
o 60 Y5V
< £ N
O .80f
100 . s " N s
75 50 25 0 25 50 75 100 125 150

TEMPERATURE ()

Figure 6: Capacitance versus temperature

behaviour of different capacitors
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——-MLC 0805 X7R 1 uF 10V/GRM40X7R105K10
——MLC 1206 X7R 1 «F 16V/GRM42-6X7R105K16
-+-MLC 1206 4.7 uF 16V/GRM230Y5V475216
-+ TAAcase 1 uF 16V
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Figure 7: Capacitance versus DC voltage behaviour

of different capacitors

Measurement results

Figures 8, 9 and 10 present some measurement results
from which we can compare performance of ceramic to
Ta/Al capacitors in pulse response, noise absorption and
smoothing applications.

This data shows clearly that in noise bypass applications
the value of MLCC capacitance can be 1/21to 1/10 of the
tantalum for the same bypass effect. This is due to lower
ESR and ESL of MLCC compared to tantalum capacitor.
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(500kHz)

DRI
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' T
: H
TAAOUF b
\
AV=233 [mV]
PULSE GENERATOR: HP 8112A PO
DIGITIZING OSILLOSCOPE: HP 54111D
AL 10uF

Figure 8: Pulse response of MLCC versus Ta/Al

capacitors

Input Pulse | nput Pulse __ Outputripple voltage (mV)
Freq Voltage AL A MLEC
10kHz 534 204 196
36 | 64 %
s 346 38 12 |
T 332 a0 3

FFT Analysis result shows MLCC’s superiority in terms of noise absorption in
High Frequency range.
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Figure 9: General noise absorption comparison data

Nou resonance type forward method DC - DC converter.

<Spee> nput : 12VDC

Output : 8% 7 24 (10W)

<Circuit Diagram>

<Qutput wave form>
Smoothing Capacitor ;
MLC 224F TA 22uF

Smoothing Capacitor

>

Nams

Lo

Comparing MLCC and TA . MLCC can reduce ripple
noise by 1/3 in Forward method DC - DC converter.

Figure 10:  Example of Ta/Al replacement in

smoothing application
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Table I: performance comparison among MLCC,
tantalurm and aluminum capacitors

MLCC TA AL
?ﬁgaﬁgizge Exelent Fair Poor
Hihg freq. ' j
meaance Exelent Fair Poor
- frequency
Break down | ¢ jent Fair Fair
.. |Voltage
Reliability | Exelent Far | Fair
Temp. rise Exelent Fair Poor
Noise . Exelent Fair Poor
absorption
Polarity Exelent Poor Poor
Size Exelent Good Fair
X7R
Oth Y5V
- gimgéitance X5R Good Fair
P Good Fair
X7R
5
Voltagg X56R vV Good Good
Capacitance - -
Fair Fair

The Murata answer

In figure 11 you will find the most important values of MLCC
that Murata is able to supply. The dielectric types, the ca-
pacitance values, the working voltages and the sizes of
capacitors currently in production are shown. Please, note
that this list is being constantly updated as new capacitor
types are being added on the regular basis.

As well, figure 12 allows you to find the right MLCC size to
match the existing land pattern of the Ta being replaced.
On the left there are the most common Ta pad designs for
reflow soldering, on the right there are basic MLCC sizes
for those pads. To find equivalent size of MLLCC just drag
its symbol over the Ta land pattern.

Copocitonce
o | Bl B| B8] E 18] 28[58 88 8 8]
63 | 0603 0803 1206
10 0805 120 0 [ 2220 |
X7R 16 0805 1 0
{X5R) 25 1206 0 0
50 0 0
100 0
we | 2|28 (8|8 [8[2[3] 88|88 0
63 | 0603 0805|1208
10| 0s03 0805 1206
16 0805 1206 0
e 25 0805 0
50 0 ;
00 0

Figure 11: List of high capacitance MLCC that can be sup-
plied by muRata
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“1 A Land Pattern |
|

The Land Patterns are referred
to advised Tantalum pad. for
Reflow Soider

The termination dimensions are
cajculated considering the
minimum tollerance vatue.

Figure 12 . MLCC to Ta matching sizes

Continued development will see continued decreases in
the thickness of the dielectric element. Using thin-layer
forming technology allows ceramic capacitors to be fur-
ther reduced. With increased semiconductor density, sem-
iconductor components use lower voltages. Accordingly,
electric and electronic circuits are driven at lower voltag-
es. If a ceramic capacitor appears with a rated voltage of 4
Vor 2.5V, there is a great possibility that applications will
be found for it. The current situation is favorabie especially
for thin-layer monolithic ceramic capacitors.

Likewise, the technology has grown enough to meet the
needs for products with more than 100 pF, 220 uF, or
higher capacitance.

In addition, low-profiled products that can be used in thin-
ner equipment are available. Step by step, product thick-
ness of 1.35 mm or more will be reduced to 1.35 mm or
less (1.25+0.1 mm), to 0.95 mm or less (0.85 mm+0.1
mm), and thento 0.7 mm or fess (0.6 mm+0.1 mm).

As described above, it is expected that high-capacitance
monolithic ceramic capacitors will be further developed in
a variety of directions — through downsizing, upsizing, ca-
pacitance increase, rated voltage increase, and more — all
based on the ceramic thin-layer forming technology.

REFERENCES
/1/ MURATA mail, no.4, spring 2001
/2/ muRata internal communication

/3/ Denpa Shinbun, Part 2, High Technology, Aug. 21, 2000

Iztok Sorli
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POROCILA S KONFERENCE
CONFERENCE REPORTS

Konferenca MicroTech 2001, London,
29. do 31. januar 2001R

Marko Hrovat
Institut Jozef Stefan, Jamova 39, 1000 Ljubljana

Vdneh od 29. do 31. januarja 2001 je bila v Londonu kon-
ferenca "MicroTech 2001” (to je skraj$ano za Micro Tech-
nologies), ki je bila formalno v treh delih; “Seventh Europe-
an Conference on High density Packaging”, “European
Conference on Wireless Technologies” in “Second Euro-
pean Conference on Microsystems Packaging”, vendar so
se teme vseh treh prepletale. Organizirala jo je angleska
sekcija IMAPS (International Microelecironics and Pack-
aging Society). Ob konferenci je bila tudi razstava proizva-
jalcev opreme in materialov za hibridno mikroelektroniko.
Registriranih je bilo nekaj nad 80 delegatov.

Ker bodo v tekstu nekajkrat omenjeni flip chip tabletke in
Multi Chip Moduli, bom na kratko ponovil nekaj definicij.
Flip-chip so tabletke, ki se pritrdijo "z obrazom navzdol”.
Na povrsini tabletke so na kontaktih izdelane kroglice spa-
jke (bumps), ki se s pretaljevanjem pritrdijo na substrat.
Zanimivo je, da je flip chip tehnologija “stara” ze skoraj 40
let (IBM je pricel izdelovati flip-chipe leta 1962), vendar se
jih do pred nekaj leti ni veliko uporabljalo. Pri tabletkah, ki
s0 pritriene kot flip~chip, je onemogodena vizualna kontro-
la, ker so kroglice spajke skrite med tabletko in substratom.
Flip-chip tabletke so Ze po definiciji vedno drazje od tistih,
ki so namenjena za bondiranje z Zi¢ko, ker so potrebni
dodatni tehnoloski postopki, da se izdelajo kroglice spa-
jke. Prednost tabletk v flip chip izvedbi je, da v vezju za-
sedejo tudi do 60% manj prostora kot tabletke, bondirane
z Zicko. Zato njihova uporaba, predvsem v MCM, strmo
narasca s stopnjo okrog 28% letno. Ocenjujejo, da bo leta
2002 natrgu 2 in pol miljiarde chipov v flip-chip izvedbi.

Multi Chip Moduli (MCM) so komponente, podsistemi ali
sistemi z zelo visokim stevilom funkcij. Narejeni so na ved-
plastnih substratih, na katerih so pritrjene ali gole pol-
prevodne tabletke ali pa tabletke v Chip Sized Package
(CSP), ki so samo okrog 20% vecje kot gole tabletke. V
vecplastnem substratu in na njegovi povréini so prevodne
iinije. Vezje je navadno hermetiéno zaprto. V glavhem lo¢-
ijo tri tipe MCM, ki so izdelani v razli¢nih tehnologijah, to je
tankoplastni, debeloplastni (keramika) in v tehnologiji
tiskanih vezij. Oznake so MCM-L (laminates - tiskana vez-
ja), MCM-C (ceramics - keramika) in MCM-D (deposited -

tanki filmi). MCM-C so “kerami¢ni” hibridi visoke gostote,
navadno veéplastni keramicni substrati ali pa kempleksna
debeloplastna vedplastna vezja. Vedéplastni keramiéni sub-
strati so narejeni iz zelenih folij, potiskanih s prevodnimi
linijlami in so lahko na osnovi Al2O3 ali AN z visjo toplotno
prevodnostjo (MCM-C z visoko temperaturo zganja) ali pa
na osnovi kristalizirajoCih stekel (MCM-C z nizko temper-
aturo zganja). Po nekaterih ocenah pripada kerami&nim
mutlti chip modulom preko 50% trzis¢a. MCM-D imajo na-
nesene tankoplastne vecplastne kovinske povezave, loéene
predvsem s polimernim ali véasih napréenim tankoplast-
nim dielektrikom. Kot substrat za MCM-D se obi¢ajno upo-
rablja Al2O3 ali silicij. MCM-L so zahtevna veéplastna tiska-
na vezja z linijjami ¢im manjse Sirine. Ta tip MCM je navad-
no tudi najcenejsi. Seveda so muilti chip moduli v vedini
primerov drazji kot bolj “klasi¢ne" izvedbe, njihova pred-
nost pa je, da so manjsi. Zmanj$evanje modulov in vedno
vecjo gostoto komponent zahteva razvoj telekomunikagij,
na primer prenosnih telefonov, modemov, daljinskih uprav-
ljalcev itd. Skratka, elektronskih naprav, ki zdruzujejo ved-
no ve¢ funkeij, $e vedno pa morajo biti tako majhne, da jih
lahko drzimo v roki.

H. Quinones (Asymtek, Carlshad, California) je v referatu z
naslovom "Encapsulation of large, densely populated die
with small gap” predstavil probleme pri pritrjevanje silici-
jevih tabletk na tiskana vezja, predvsem tabletk v flip-chip
izvedbi. Po spajkanju flip-chipa zapolnijo prostor med tab-
letko in substratom s polimernim tekodim “podpolnilom”
(ta izraz je precej okoren in dobeseden prevod izraza “un-
derfill”). Podpolnilo nanesejo ob enem ali dveh robovih tab-
letk s dispenzerjem, podobnim injekcijski igli. Teko¢ mate-
rial steCe pod tabletko v ozkem prostoru med tabletko in
med med prispajkanimi kroglicami. Ko podpolnilo polimer-
izirajo, se malo skrci in pritiska na spajkalne krogliice. S
tem nekoliko kompenzira razli¢ne temperaturne razteznos-
tne koeficiente (TEC) med tabletko in substratom. Z nar-
ascajocim Stevilom funkaij in z naragéajoco gostoto funkcij
postajajo tabletke vecje, hkrati pa naras¢a gostota prikljuck-
ovin se manjsajo dimenzije posameznega prikljucka. Raster
- velikost spajkalnih krogljic in razmak med njimi - se je
zmanjdal Ze do 25 um. Podpolnilo ne te¢e z laminarnim
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tokom, ampak zaradi kapilarnih sil. Avtoriji so testirali vrsto
materialov, tako tistih z nizko vsebnostjo polnila in nizjo
viskoznostjo kot “klasi¢nih”, pri katerih so znizali viskoznost
s poviano temperaturo. Druga moznost je, da je podpoln-
ilo netekod film na substratu, v katerega “vtisnejo” tabletko
s spajkalnimi kroglicami in nato pri povisani temperaturi
hkrati polimerizirajo material in pretalijo spajko. Problem
pritem je, da so pri tem nadinu prevodne blazinice na sub-
stratu pokrite in jih je teZje “zadeti” s spajkalnimi krogljica-
mi. Predavatel] je pokazal tudi video posnetke, ki so pri
povecavi kazali, kako podpolnilo tece pod flip-chipom. Za
te preiskave so uporabili steklene ploscice s spajkalnimi
krogliicami z rastrom in v velikosti testiranih tabletk, tako da
so lahko snemali skozi prozorno ploscico.

P. Moran (Advanced Interconnection Technology, Man-
chester, Anglija) je v referatu “Advances in interconnection
technologies using selective electroplating” predstavil nacin
izdelovanja bakrenih prevodnih linij na razli¢nih substratih,
to je na keramiki, fleksibilnih polimerih ali na tiskanem vezju.
Baker je zaradi dobre prevodnosti in razmeroma nizke cene
skoraj idealen prevodnik. Na substrat najprej nanesejo “za-
getno plast” (initial coating). Debelina te plasti, ki je osnovi
zmesi plemenitih kovin, tako da se lahko procesira na zraku,
je po toplotni obdelavi del mikrometra. Ker prevaja kasneje
nanesen prevodnik, upornost same zacetne plasti ni
pomembna. Mora pa imeti dobro adhezijo tako na substrat
kot na prevodnik. Nato substrat pokrijejo s foto resistom, ki
ga razvijejo z ultavijoliéno svetlobo skozi primerne maske,
da dobijo odprtine tam, kjer bo nanesen prevodnik. Prevod-
nik - baker - nato izdelajo z elektrolitskim nanasanjem.
Hitrost rasti prevodnika je okrog 0,5 pum/min. Najmanjsa
Sirina prevodnika je okrog 20 um, debelina, ki je odvisna
od ¢asa nanasanja, pa je lahko, odvisno od zahtev, do 100
um ali ved. za nekatere aplikacije nato prevodnik pokrijejo
s tanko plastjo niklja in preko tega zlata za boljse spajkanje
ali bondiranje. Ko je prevodnik nanesen, odstranijo foto
resist in med prevodnimi linijami odjedkajo zacetno plast.
Pritem je pomembno, da je sestava materiala zaCetne plasti
razlicna od prevodnika, tako da se lahko selektivno odjed-
ka, ne da bi se jedkal tudi baker. Na vprasanja, kaksen je
material za zacetno plast, predavatelj seveda ni hotel odgov-
oriti. Povedal je le, da ga nanasajo kot tekocino, debelina
plasti po nanosu je okrog 4 um (spiniranje?) in daje njego-
va sestava razli¢na, odvisno od tipa substrata.

Ved referatov je bilo posvecenih materialom oziroma vezjem
na osnovi keramike z nizko temperaturo Zganja (LTCC -
Low Temperature Co-fired Ceramics). Ti materiali so na
osnovi zmesi stekla in keramike ali pa kristalizirajocih stekel
in so po sestavi podobni debeloplastnim dielektrikom za
vedplastna vezja. Zgejo se obidajno pri temperaturah okrog
850°C. Zelene folije so debele od 25 um do 100 um in
ved. Na folije natiskajo posamezne nivoje vecplastnega
vezja, jih razsekajo in “prebijejo” majhne odprtine (vias).
Odpriine zapolnijo s prevodnikom, zelo pogosto s srebrno
pasto. Nato folije natanéno zlozijo (“zadeti” morajo zelo
majhne odprtine (vias) v posameznih plasteh), stisnejo
skupaj, razplinijo pri temperaturah sto ali nekaj sto stopinj
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Celzija in Zgejo, da se zasintrajo v tri dimenzionalno struk-
turo. V nasprotju z obi¢ajnimi debeloplastnimi hibridnimi
vezji, kier je temperatura zganja okrog 10 min, se ti LTCC
sendviéi zgejo tudi neka ur. Na povrsini sintranega send-
vi¢a lahko izdelajo debeloplastne upore in pritrdijo kompo-
nente. Ze pred skoraj desetimi leti so vsi vecji proizvajalci
debeloplastnih materialov zaceli izdelovati pod razlicnimi
komercialnimi imeni folije za LTCC tehnologijo. Nekaj let
nazaj je kazalo, da se MCM, predvsem MCM-C, vrtijo v
zadaranem krogu in se kar ne “premaknejo” naprej. Zaradi
majnega povprasevanja in s tem povezanih majhnih serij
so bile MCM izvedbe drage. Ker so bile drage, to ni spod-
budilo povprasevanja, ki bi lahko znizalo ceno. V zadnjem
dasu so se stvari optimisti¢no “premaknile”. Za razmah
LTCC tehnologije izdelave multi chip modulov sta bili, zan-
imivo, dve gonilni sili; v Evropi avtomobilska elektronika, v
ZDA pa disketni pogoni v racunalnikih.

Barnwell s sodelavci (Heraeus Circuit Materials Division in
Middleesex University) je v referatu z naslovom “LTCC sys-
tems for low frequencies - a study of the critical properties
and their measurement technigues” predstavil preiskave
LTCC materialov, razvitih pri Heraeus-u in nacine meritve
zazeljenih karakteristik pri visokih frerkvencah. (Same teh-
nike meritve sta bolj podrobno opisala dva koavtorja tega
referata (C. Free, Z. Tian) v prispevku “Micro technology
measurement techniques for the evaluation of thick-film
materials used in wireless applications”). Mikrovalovne ap-
likacije so po uporabi frekvenc razdeljene grobo v dve skupi-
ni, nizje frekvence med 1 in 6 GHz in visje frekvence od 20
GHz naprej. LTCC keramika je hkrati z debeloplastno teh-
nologijo nanasanja komponent ze preverjeno uporabna za
nizje frekvenéne aplikacije. Omogoca izdelavo struktur s
pokopanimi komponentami, na primer upori ali kondenza-
torji. Locljivost linij je pri sitotisku do 75 um, s foto obdut-
ljivimi dbeloplastnimi materiali pa do 50 um, novi materiali
pa naj bi omogocili locljivost do 25 pm. Velikost odprtin
(vias), ki povezujejo prevodne nivoje, je 100 um. Njena
prednost je predvsem relativno nizka cena, ¢eprav je na
enoto povrsine $e vedno drazja kot tiskana vezja (MCM-L
izvedbe). Cena LTCC folij seveda pada z naras¢ajocim
volumnom uporabe. Tu je treba omeniti, da so MCM-C,
narejeni s tehnologijo LTCC, bolj gosti kot tiskana vezja ,
kar po mnenju avtorjev ze sedaj “prevaga’ nekoliko visjo
ceno. Druga velika prednost je paralelno procesiranje; vse
folije se najprej potiskajo in nato zlozijo in zapedejo v vec-
plastne strukture.

Nekatere aplikacije, ki delujejo na podroc¢ju nizje
frekvencnih mikrovalov in ki so trzno zelo pomembna, so:
Prenosni telefoni delajo v obmodju 0,9 do 2 GHz. Njihovo
Stevilo naj bi leta 2003 ali celo prej doseglo miljardo.
GPS (Global Positionining System) dela pri frekvenci 1,6
GHz. Nova zakonodaja bo vsaj v Angliji zahtevala vgraditev
GPS v vse prenosne telefone.

Brezzi¢na tehnologija kratkega dosega (Bluetooth) dela pri
frekvenci 2,4 GHz in ima doseg okrog 10 m. Povezuje
prenosne telefone z racunalniki, racunalnike med seboj,
racunalnik s tiskalnikom, senzorje s “pametnimi” karticami
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itd. Ta tehnologija ponuja standard, ki ga bo verjetno csvo-
jila vedina proizvajalcev naprav. Zato je predviden obseg
proizvodnje e vedji kot pri prenosnih telefonih. Zanimivo
je, kako je dobila ime Bluetooth (modri zob). Razvijati so jo
zadeli pri skandinavski firmi Ericsson in so jo imenovali po
danskem vikinskem kralju Haroldu Modrozobem, ki je via-
dal od 950 do 986. Kralj naj bi bil znan po tem, da je znal
prepric¢ati sprte ljudi, da so sedli skupaj in se pogovorili,
namesto da bi se vojskovali. Torej, komuniciranje na kratke
razdalje.

Zahteve za LTCC folije, ki se uporabljajo v mikrovalovnih
aplikacijah, so: dielektricna konstanta med 8 in 10, nizki
izgubni koti, temperaturna stabilnost dielektricne konstante
oziroma centralne frekvence in zelo enakomerna debelina
folije. Pri Heraeusu so razvili material z oznako CT2000,
za katerega upajo, da bo postal industrijski standard. Diele-
ktricna konstanta 9,1 je visja od vecine primerljivih materi-
alovin ravnov sredi zaZeljenega “okna” vrednosti, frekvencni
temperaturni koeficient je pod 10x10%/K in ponovijivost
debeline folije po zganju je +/- 2%. Za primerjavo omeni-
mo, da je zajamcena toleranca debeline Al2Og substratoy,
ki jih proizvajalci v zelo velikih koli¢inah izdelujejo za debe-
loplastno hibridno tehnologijo, precej Sirsa, do 10%. Zraven
s0 razvili $e srebrne paste, ki s sitotiskom (100 um linije)
ali foto postopkom (50 pum linije) omogocajo izdelavo
prevodnikov z nizko upornostjo in predvsem z zelo ostro
definiranimi robovi.

L. Davlin s kolegi (Plextek Ltd. in C-MAC, obe firmi iz Angl-
ije) je v referatu z naslovom “Low cost RF and microwave
components in LTCC” predstavil preiskave in analizo LTCC
struktur pri frekvencah do 28 GHz. V uvodi je povedal, da
so pri izdelavi MCM-C s temi materiali glavni problemi s
skrcki zlozenih folij med zganjem, ki so med 12% in 16% v
“X"in “Y” smeriin celo veé v “Z” smeri. Nekateri proizvajal-
ci razvijajo materiale za folije, ki se med Zganjem ne bi krcile
(zero-shrink). Ne on ne prej omenjeni predavatelj pa nista
hotela komentirati, kako so ti materiali narejeni. Testirali so
tako organske polimerne materiale za tiskana vezja kot
LTCC folije razlicnih proizvajalcev (Heraeus, Du Pont,
EMCA, Ferro). Organski kompoziti imajo dielektricne kon-
stante med 2 in 4 ter izgube med 4x10™* in 27x10™. Diele-
ktriéne konstante LTCC materialov so med 6 in 8, izgube
pa med 5x10™ in 40x10™*. Za primerjavo, 99,6% Al2Os, ki
je skoraj univerzalni substrat za hibridna debeloplastna vez-
ja, ima dielektricno konstanto 9,9 in zelo nizek izgubni kot,
4x10™. Uporaba zlatih in srebrnih debeloplastnih prevod-
nikov v razliénih testnih strukturah je pripeljala do podob-
nih rezultatov. S srebrom so bile izgube nizie zaradi visje
specificne prevodnosti. Seveda pa toleranca sitotiska ozi-
roma ponovljivost geometrije prevodnih linij (Sirina +/- 10
um in debelina +/-1 um) dolo¢a do neke mere toleranco
izgub.

B. Bober (Wroclaw University of Technology, Poljska) je v
referatu z naslovom “Investigations of assembly properties
of conductive layers in LTCC circuits” predstavila testiranje
kombinacij LTCC folij (trije materiali) in debeloplastnih

prevodnikov (dva na osnovi Ag in eden na osnovi Pd/Ag)
razliénih proizvajalcev. Vseh devet LTCC struktur je bilo
zganih najprej nekaj ur na 400°C (razplinjevanje) in nato
10 do 20 min pri 850°C. Mikrostrukture prevodnikov so
pokazale, da se nekatere kombinacije srebra in LTCC folij
ne “ujamejo”. Prevodnik je bil slabo zasintran in/ali pokrit s
stekleno fazo, kar je otezilo ali onemogodilo tako spajkan-
je kot bondiranje z Au ali Al zicko. Zanimivo je, da do teh
problemov ni prihajalo pri kombinacijah s Pd/Ag prevod-
nikom. Razlicna mikrostruktura istega prevodnika na ral-
icnih folijah je bila pripisana ralzliénim profilom Zganja. Pre-
davateljica zaenkrat ne ve, ali steklena faza na povrsini Ag
prevodnika izhaja iz prevodnika ali pa je med zganjem di-
fundirala iz LTCC keramike v prevodnik.

P. Barrett (Kingston University, Anglija) je imel referat z
naslovom "Narow bandwidth, high frequency, band pass
filter using thin film and thick film technology”. V prispevku
je predstavil delo studentov na njihovi univerzi. Tu omenim,
da sodelavci univerze vsako leto na tej konferenci pred-
stavijo zakljuéen studentski projekt. Naloga je bila, da stu-
denti izracunajo in nacrtajo mikrovalovni pasovni filter s
centralno frekvenco 9,75 GHz in Sirino pasu 0,1 GHz, ki
ga ze izdelujejo v tankoplastni tehnologiji (Thomson Racal
Defence Lid). Filter so izdelali v debeloplastni tehnologiji z
metodo foto oblikovanja, ki omogoca zelo dobro definicijo
robu prevodnih linij. Fotoobdéutljive debeloplastne paste po
tiskanju in susenju osvetlijo skozi maske z ultravijolicno svet-
lobo, ki sprozi polimerizacijo v organskem materialu. Nep-
olimerizirane dele natiskane plasti nato sperejo z vodo.
Nadaljni postopki so isti kot pri izdelavi debeloplastnih hi-
bridnih vezij. To je tehnologija, ki uspesno kombinira zrel
nacin debeloplastne tehnologije z natanénostjo fotolitograf-
ije. Dosegljive locljivosti tako odprtin za povezovanje (vias)
kot Sirine prevodnih linij so nekaj deset mikrometrov. Me-
toda omogoca dobro definicijo linjj, je pa razmeroma dra-
ga, ker se “zavrze" nepolimeriziran material. Primerjali so
elektricne karakteristike tenkoplastnega filtra, izdelanegav
Thomson Racal Defence na 99,6% Al2Og in debeloplast-
nega filtra na obicajni 96% AloO3 keramiki. Karakteristike
obeh so bile primerljive, majhen premik centralne frekvence
proti vigjim vrednostim za debeloplastni filter pa so pripisal
razlicnim dilektriénim konstantam obeh keramik. V diskus-
iji je bilo omenjeno, da je eden problemov foto oblikovanja
t0, da se med Zganjem rob prevodne linije v&asih zvije stran
od substrata.

Dva referata sta obravnavala mikrosisteme za “laboratorij
na chipu” (Lab.on-a-chip). Referat "Modular integrated mi-
crosystems” (devet avtorjev iz Sestih angleskih laboratori-
jev oziroma podjetij) je porocal o integriranih senzorjih za
analizo krvi. Na plasti¢nih substrati so izdelali 200 um
kanale in 300 um odprtine, po katerih bo tekia tekocina, z
mehanskim rezanjem. Na te substrate nato “z obrazom navz-
dol” pritrdijo chipe z mikrosenzoriji. Avtorji iz National Mi-
croelectronic Research Cente, Irska, pa so v referatu z
naslovom “lL.ab-on-a-chip; materials, processing, componet
integration, assemly and packaging issues” porocali o novih
tehnologijah in predvsem problemih priizdelavi mikrostruk-
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tur. Fotoobcutljivi materiali, na primer polimeri ali LioO/SiO2
stekla, omogocajo izdelavo mikro kanalov precej ceneje
kot mehani¢na obdelava. Laserske diode in detektorji se
izdelajo v samih chipih za uporabo kot senzorji fluores-
cence. Predavatelji pa so poudarili, da je zaenkrat le malo
laboratorijev-na-chipu na trziséu. Eden glavnih razlogov je
“konzervativnost” medicine. Vsako stvar, najsi bo to novo
zdravilo ali naprava, morajo preiskusiti in odobriti “odgov-
orna telesa”. Navadno to traja pet ali vec let, ker se prece-
iSen ¢as porabi tudi za klini¢ne teste, ki morajo potrditi, da
s0 predlagane mikro naprave neskodljive in kompatibiine z
zahtevami medicine.

J. Kowal (Applied Microengineering, Oxford, Anglija) je
predstavil osnove anodnega bondiranja. Anodno bondiran-
jeje je kakih trideset let stara tehnologija, ki se je sprva
uporabljala za tvorbo vezi med stekiom in kovino. Steklo z
dovolj visoko koncetracijo alkalnih ionov, v glavnem Na*,
pritisnejo na silicijevo rezino. Sendvi¢ segrejejo na nekaj
100 stopinj Celzija, obi¢ajno na 300°C do 400°C. Pri te]
temperaturi postane steklo ionski prevodnik (Na* ioni) in
upornost mu pade do sedem velikostnih razredov. Na send-
vi¢ pritisnejo elektriéno napetost med 100 V in 1000 V.
Cas trajanja bondiranja je okrog pol ure; 15 do 20 min za
segrevanje sendvica in okrog 5 min za visoko napetostno
bondiranje. Natrijevi ioni difundirajo proti katodi (negativna
napetost) in negativno nabiti kisikovi ioni proti anodi (pozi-
tivna napetost). Na stiku med steklom in siliciiem nastane
okrog 1 um debela plast, osiromasena na Na® ionih in zato
s precej visjo upornostjo. Vecina padca napetosti je sedaj
preko tega tankega sloja. Kisikovi ioni so mo¢no povieceni
k stiku, tako da nastane SiO: in s tem preko Si-SiOz-steklo
stika tvorijo vez med steklom in rezino silicija. Vez Si/SiO»/
steklo je moc¢nejsa od mehanske trdnosti stekla. Tu je vred-
no omeniti, da pri teh temperaturah steklo se ne “tece”
viskozno, vendar ta elektrostatski privlak “zravna’ mozne
povrsinske neenakomernosti silicija ali stekla, tako da stik
postane intimen. Zaradi razmeroma visokih temperatur mora
biti temperaturni razteznostni koeficient (TEC) stekla blizu
TEC silicija, da pri ohlajanju struktura ne ukrivi. Drugi meh-
anizem, ki lahko pripelje do krivljenja sendvica, je difuzija
Na* ionov stran od stika. Zato se steklo, obogaceno z Na*,
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bolj raztegne kot "“osiromaseno” steklo ob stiku. Ce so na
stiku med silicijevo rezino in steklom zaprti kanali, lahko
zaradi kisika, ki izstopa iz stekla, naraste pritisk v njih tudi
do nekaj 100 Barov, kar lahko raztrga stik. Ce so ze zapreti
kanali ali “votline”, naj bi bili ¢im globlji, da se minimizira ta
ucinek (priblizno pravilo je, da je varno 1 Bar na 1 um glo-
bine). Zanimivo je, da ta tehnika dela ne samo na siliciju,
ampak tudi na SiOy, silicijevem nitridu ali tantalovem ni-
tridu (tankoplastni kondenzatorii). Ce pa se steklo pritriuje
preko obiCajneja prevodnika na chipoh, to je naprsen alu-
minij, pa se lahko ta oksidira v Al2O3 in prekine prevodne
sledi.

V precej zivahni diskusiji po referatu se je videlo, da ta teh-
nologija, ki “dela” ze trideset let, Se vedno ni dobro razum-
liena. Nekateri problemi so; ¢e se na stiku silicij / steklo
izlo¢a mulekularni kisik, bi se na povrsini stekla moral izlogati
elementarni natrij, kar pa niso opazili. Prav tako ni znano,
ali je meja ned Si in steklom ostra, 1o je, ali na atomskem
nivoju preide iz kovinskega silicija v SiO; ali pa je ta prehod
bolj difuzen preko vmesne plasti. Tudi mehanizem bondiran-
ja na silicijevem ali tantalovem nitridu ni znan.

V nasem referatu z naslovom “Diffusion-patterning technol-
ogy and materials for thick-film ceramic MCMs” (avtorji M.
Hrovat, Institut Jozef Stefan, Ljubljana in D. Belavi¢ ter M.
Paviin, HIPOT, Sentjernej) smo predstavili pregled debelo-
plastnih materialov za difuzijsko oblikovanje. Difuzijsko ob-
likovanje je nacin izdelave vecéplastnih debeloplastnih vezij
(MCM-C), ki omogoca doseganje vedje gostote vezij z ob-
stojeco tehnologijo sitotiska in Zganja. Vecéplastno vezje,
narejeno s to tehnologijo, je priisti kompleksnosti 20% do
40% manjse od “navadnega” debeloplastnega vedplast-
nega vezja. Podali smo rezultate karakterizacij materialov
(dielektrikov, prevodnikov in uporov). Predstavili smo testna
vezja in miniaturiziran senzor pritiska (MCM-C s $tirimi
prevodnimi ravninami), ki je bil izdelan s to tehnologijo.
Omenimo, da so bile preiskave difuzijskega oblikovanja del
triletnega projekta COPERNICUS “Cheap Multi Chip Mod-
ules” (Projekt N°: IC15-CT96-0743, DG 12-SNRD).

Naslednja konferenca “MicroTech 2002" bo konec januar-
ja 2002 v Angliji.
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Naslov naloge: Generator za sintezo govornega signala
Avtor: Damjan Sonc
Mentor: prof. Dr. DuSan Kodek univ.dipl.ing.

Univerza v Ljubljani, Fakulteta za racunalnistvo in informa-
tiko

V nalogi je opisan visoko kakovostni generator govornega
signala, ki sloni na sinusnem govornem modelu. V tem
modelu je govorni signal predstavijen z vsoto sinusnih ses-
tavin poljubnih frekvenc, amplitud in faz.

Potrebne vrednosti frekvenc, amplitud in faz za krmiljenje
generatroja v sestavnem delu sistema smo pridobili z anali-
Z0 naravnega govornega signala. Pri analizi smo uporabili
razli¢ne nabore KEO filtrov, katerih znadilnosti podaja tabela
1 v poglavju 3.1.2. Vse signale smo, razen tam, kjer je to
posebej oznaceno, vzrodili s frekvenco 16kHz in jih kvan-
tizirali na 16 bitov natanc¢no. Izhode iz nabora KEO filtrov
smo v raznih preizkusih racunali v ¢asovnih razmikih od 5
do 50ms. Te izhodne vrednosti so predstavijale mnoZico
parametrov analiznega okvirja. V nalogi smo obdelali tudi
metode za interpolacijo parametrov med posameznimi anal-
iznimi okvirji. Za ujemanje frekvenc med okvirji smo upora-
bili poseben ujemalni algoritem (poglavie 2.3.1), amplitude
smo interpolirali z linearno interpolacijo (poglavie 2.3.2.1),
fazne prehode pa smo interpolirali s kubi¢nimi polinomi
(poglavie 2.3.2.2).

Namesto frekvencnih vrhov spektrograma kot v [4], smo
kot merilo za izbor frekvenc izbrali vsoto energijskih pris-
pevkov 1 najmocnejsih frekvenénih sestavin, s ¢imer smo
dosegli pomembno izbolj$anje kvalitete umetno sestavijen-
ega govora. Vrednost za 1 se je gibalavintervalu 0.5<n
< 0.99. Zvrednostmi amplitud in faz, dobljenimi pri analizi
naravnega govornega signala smo krmili sinusni generator
podan z enacho (9).

Kakovost govornega signala, ki smo jo lahko dosegli z gen-
eratorjem govornega signala slone¢em na sinusnem gov-
ornem modelu, je bila skoraj enaka kakovosti naravnega
govornega signala. Rezultati so pokazali, da je pri naboru
393 filtrov, casovnem razmiku med okvirji t = 5ms, vred-
nostjo np = 0.95 ter pri asovnem razmiku med okvirji t =
10msinvrednostjo 1 = 0.99 , poslusalec Sele pri pazljivem
posludanju delno razlodeval med naravnim in umetno ses-
tavljenim govorom, pri istem naboru filtrov, Gasovnem raz-
miku med okvirji t = 5ms in vrednostjo 1 = 0.99 |, pa nived
lo¢il naravnega in umetno sestavljenega govora.

S testi smo preizkusili tudi uporabnost generatorja na ra-
zli¢nih signalih. Prepricali smo se, da je generator primer-
entudiza umetno sestavo Sirse skupine signalov, ki jih lahko
predstavimo kot vsoto sinusnih sestavin, in ki zajemajo na
primer: govor skupine ljudi, razne Zivalske glasove in glas-
bo. Z njim lahko dobro modeliramo omejene signale tudi,
Ce je v njih prisoten Sum.

Glavna pomanjkljivost generatorja in zaradi tega tudi na-
jpomembnejsi problem, ki je naloga nadaljnjih raziskav, je
zmanjsanje Stevila potrebnih parametrov za enako kvaliteto
umetnega govornega signala. O grobi oceni, ki izhaja iz
Stevila glasnigkih parov slovenskega govora, povpreénega
Stevila parametrov pri sestavi ter povpredne dolzine glas-
nikov, biza hranjenje parametrov generatorja za visoko kval-
itetno sestavo (razmik med okvirji 5ms, nabor 393 filtrov,
energijski prispevek 1 = 0.99) umetnega govora s pomodjo
metode leplienja potrebovali 130MB pomniiniskega pros-
tora. Ce bi namesto glasnigkih parov uporabljali glasniske
trojke, bi se zahteve po prostoru povecale na 3.6GB.

Kljub vecji racunski in prostorski zahtevnosti od drugih
znanih metod (PSOLA, LPC), je generator zaradi izredne
kakovosti umetno sestavijenega signala in enostavnosti zelo
primeren za nizko-nivojski del sistema za sestavo umetnega
govora iz besedil, posebno za sistem, ki lepi in preoblikuje
vnaprej posnete delcke naravnega govora. V teh sistemih
lahko popolnoma izrabimo metode interpolacije parametrov
med okvirji opisane v poglavju 2.3, ki zagotavljajo kakov-
ostno izvedene prehode med odseki, brez umetnih dodat-
kov kot so poki, zvenenje in drugi.

Naslov naloge: Digitalni $tevec elektriéne energije
Avtor: Simon Balané

Mentor: Doc.dr.Franc Bergelj

Univerza v Ljubljani, Fakulteta za elektrotehniko

Magistrsko delo obravnava merjenje elektricne energije na
digitalen nacin. Cilj dela je izdelati Stevec elektriéne energ-
ije razred 2.0, izmeriti rezultate Stevca in izradunati nego-
tovost meritve.

V uvodu sem nakazal, kako je sploh prislo do ideje o izde-
lavi popoloma digitalnega Stevca in kaksni so bili predhod-
ni poskusi.

V glavnem delu sem najprej pokazal, kako so elektri¢no
energijo merili Se takrat, ko je bila distribucija in poraba $e
v povojih. Nato sem opisal razlicne elektronske nacdine
merjenja energije, ki so trenutno v uporabi ali so bili vsaj
raziskani kot mozni nacini.
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Nato sem opravil analizo trga, Kjer ze nekaj let poskusajo
prodreti najraziicnejse firme z lastnimi integriranimi vezji za
merienje energije. Zbral sem jih v tabeli in primerjal glede
merjenih funkcij.

Najvedji in najpomembnejsi del je opis Stevca elektricne
energije ED500. Najprej so podani gradniki sistema, kot
je procesor in AD pretvornika kot najpomembnejéi &leni.
Nato so opisani $e merilni vhodi, pa Celna plosca, izhodni
kanali in tako naprej. Z meritvami sem pokazal, da je mozno
narediti Stevec, ki bo merilno ustrezal standardu za staticne
Stevce razreda 0.2. Hkrati sem podal tudi primerjavo s simu-
lacijami v MathCadu. Preveril sem samo obremenilno kriv-
uljo pa tudi obéutljivost na vplivne veli¢ine kot so napajalna
napetost, sprememba omrezne frekvence, po drugi strani
pa tudi zmoznost merjenja z razlicnimi resolucijami AD
pretvornikov in frekvencami vzrocenja. Izkaze se, daje 14
bitni AD pretvornik ravno $e dovolj za tokovno dinamiko
1:600.

Na koncu sem opisal $e sledljivost enote za elektricno en-
ergijo in primerjavo enot enkrat na svetovnem in enkrat na
evropskem nivoju in pokazal, kako se izracuna negotovost
stevea in kam v merilno piramido je pripet etalon TEMP-
100, s katerim sem ED500 meril.

Naslov naloge: Avtomatska impedanéna merilna priprava
za nadzor parametrov kondenzatorjev v proizvodnji

Avtor: Dudan HABE, univ. dipl. inzZ. el.
Mentor: prof. dr. Anton JEGLIC
Univerza v Ljubljani, Fakulteta za elektrotehniko

V magisterskem delu je obravnavan nacin resevanja ozko
namenske merilne priprave za merjenje kapacitivnosti fak-
torja kondenzatorjev. Uporaba in lastnosti merilne priprave
s0 strogo podrejene zahtevam serijske proizvodnje vi-
sokokvalitetnih kondenzatorjev. Osnovne zahteve za mer-
ilno pripravo so podane z zahtevano to¢nostjo, postavijeno
konéno ceno in uporabo v merilnih avtomatih. Pri tem nas-
topita kot kriticna parametra zelo nizka vrednost izgubne-
ga faktorja, ki ga moramo meriti in potrebna dovolj visoka
hitrost merjenja. Postavljene meje za meritve izgubnega
faktorja in zahtevana toénost segajo do skrajnih moznosti
danasnje merilne tehnike.

Tematsko ima naloga dva dela. V prvem delu po pregledu
profesionalnih impedanénih merlinikov sledi obravnava
novej$e strokovne literature iz tematike merjenja kapaci-
tivnosti in izgubnega faktorja kondenzatorjev. V nadaljevanju
sledi analiza primernih merilnih metod. Njihovo ovrednote-
nje je podano s pomodjo simulacij in z izdelavo prototipnih
resitev merilnih priprav.

Ob doloditvi merilne metode so opravljene Se ostale ust-
rezne analize. Te dolocajo pogoje za izbiro potrebne
aparaturne opreme. Delovanje merilne priprave omogoca
mocéna programska podpora, izvedena na osnovi najnove-
j$ih programskih orodij.
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V drugem delu je nakazana dokonéna resitev za izdelavo
merilne priprave. Uporabljene so veCnamenske vstavne
kartice v osebnem rac¢unalniku. Ta osnovi skrbi za delovanje
merilnega avtomata. S tem, ko je racunalniku dodana Se
funkcija merjenia, to prispeva k znizanju cene merilnega
avtomata v primerjavi z vgrajenim samostojnim merilnikom.

Naslov naloge: Integrirani nadzorni in krmilni mikrosistem
Avtor: Uro$ BIZJAK, univ. dipl. Inz. el.

Mentor: prof. dr. Baldomir ZAJC

Univerza v Ljubljani, Fakulteta za elektrotehniko

Namen magistrske naloge je izdelava nadzornega in krmil-
nega vezja vkljuGenega mikrosistema. Sistem bo izvedenv
hibridni softversko-hardverski arhitekturi, sestavijen pa bo
iz programabilnega mikroprocesorskega jedra in opti-
miziranih hardverskih podsklopov, s katerimi razbremeni-
mo delovanje mikroprocesorja.

V prvem delu naloge je predstavijen sistemski model, sledi
pa analiza sistemskih procesov s pomodjo data-flow gra-
fov. Glede na omejitve, ki jih postavlja delovanje procesov
v realnem casu, funkcionalnost sistema razdelimo na
softverske in hardverske komponente.

Rezultati sistemske analize in simulacij procesov nam sluzijo
kot vodilo pri naértovanju posameznih komponent; izvedene
optimizirane hardverske podsklope z nizkonivojskim V/I
gonilnimi rutinami poveZzemo v funkcionalno celoto. Zelimo,
da je celoten sistem izveden na kar najmanjsi kon¢ni ge-
ometriji, delovanje V/I rutin pa naj kar najmanj obremenju-
je integrirano mikrojedro.

Funkcionalnost celotnega sistema je zdruzena na enem
integriranem vezju, hardverski del je nacrtan z uporabo
nacrtovalskega paketa Cadence/Verilog, softverske rutine
pa so bile razvite s pomoc¢jo GNU Compiler Collection pa-
keta in prevedene z razvojnim sistemom winuSim za MTC-
8308 mikrojedro.

Naslov naloge: Razpoznavanje oseb na osnovi analize
vzorcev Sarenice ¢love§kega oCesa

Avtor: Marko Knez, univ. dipl. inZ. el.
Mentor: Prof.dr.Stanislav Kovadi¢, dipl.ing.
Univerza v Ljubljani, Fakulteta za elektrotehniko

Pricujoc¢e magistrsko delo obravnava SirSo problematiko
biometrike in biometricnih metod. Najprej je podan zgo-
dovinski pregled in razvoj omenjenega podrodja. V nada-
lievanju so podane temeljne lastnosti in zahteve, ki jih morajo
izpolnjevati vse biometriéne metode ter nasteti in razloZeni
osnovni pojmi ter nekatere definicije, nujno potrebne za
razumevanje podroc¢ja. Sledi predstavitev ter nekoliko po-
drobnejsi opis posameznih biometricnih metod z njihovimi
prednostmi in slabostmi ter samim postopkom, ki je speci-
ficen za vsako od njih. Na koncu predstavitvenega dela bio-
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metriénih metod, je podan primerjalni pregled metod glede
na posamezne pomembnejde lastnosti. Na podlagi opisa
je mo¢ hitro ugotoviti primernost dolo¢enega postopka
gede na zahteve za izbrano okolje in pogoje, v katerih bo
sistem deloval ter predvsem primernost glede na zahteve
po zanesljivosti in varnosti. Podane so tudi matematicne
osnove za objektivnho vrednotenje in primerjanje bi-
ometri¢nih metod.

Osrednji del pricujoega dela natanéneje obravnava tema-
tiko identifikacije oseb na osnovi dolo¢anja, razpoznavan-
ja in vrednotenja vzorcev ter znacilnosti sarenice ¢loveske-
ga odesa. V celoti je opisan avtomatski postopek razpozna-
vanja oseb vse od zajema vhodne slike do rezultata razpoz-
nave. Opisani sistem je v laboratorijskem okolju tudi prak-
ticno realiziran in delujo¢. Predstavijeni so testi, rezultati
ter ugotovitve, do katerih smo prisli tekom izdelave sistema
in obravnavanja tematike identifikacije.

Naslov naloge: Nadgradnja magnetometra na principu
jedrske magnetne resonance

Avtor: Janez HUMAR, univ. dipl. inz. el.
Mentor: Prof. dr. Dusan FEFER
Univerza v Ljubljani, Fakulteta za elektrotehniko

Vsaka merska enota ima svojo definicijo, realizacijo in pred-
stavitev. Definicija je idealna vrednost, ki je ponavadi vklju-
¢ena v Mednarodni Sistem Enot Sl. Realizacija je dosezena
s poskusi, katerih rezultat naj se ¢im bolj skladajo z defini-
cijo. Bolj ko se rezultati uporabljene metode skladajo z
definicijo, visje se ta metoda nahaja v metroloski hiearhicni
piramidi.

Na podroc¢ju merjenja nizkih gostot enosmernega magnet-
nega pretoka se uporablja kar nekaj razlicnih metod (Hall-
ov senzor, fluxgate metoda, resonan¢ne metode,...). Naj-
vecdje tocnosti dosegamo z resonancnimi metodami, se pra-
vi z metodami, ki izkorid¢ajo princip jedrske magnetne reso-
nance (JMR). Pojav jedrske magnetne resonance je sicer
ze star vendar pa vse bolj prodirajo¢a digitalna tehnika
omogoca nove resitve za izdelavo tovrstnih magnetometrov.
Prednosti je pricakovati predvsem pri povecaniju hitrosti iz-
vajanja meritev, lazjemu shranjevanju merilnih rezultatov in
nenazadnje miniaturizaciji samega merilnega sistema.

V grobem gre pri uporabi jedrske magnetne resonance za
zaznavanje pojava resonance med precesirajocimi jedri v
snovi (voda) ter zunanjim vzbujajocim izmeni¢nim magnet-
nim poljem. Frekvenca zunanjega izmeni¢nega vzbujajoce-
ga polja pri kateri pride do resonance je premo-sorazmer-
na z merjeno gostoto staticnega magnetnega pretoka. Na
ta nac¢in merjenje gostote magnetnega pretoka prevedemo
na merjenje frekvence, ki pa jo znamo meriti zelo to¢no.
Signali, ki jih dobimo pri postopku zaznave resonance (v
nadaljevanju jih bomo imenovali signali JMR), so pri majh-
nih gostotah merjenega magnetnega pretoka zelo Sibki in
dobro skriti v zelo moénem sumnem ozadju. To pa je tudi

najvecja omejitev pri merjenju majhnih gostot magneinega
pretoka.

Z analogno tehniko se da izvesti le malo metod za izloCanje
koristnega signala iz Suma pa $e te zahtevajo zelo kom-
plicirana vezja. Drugac¢na zgodba je, ko se spustimo na
podroéje digitalne tehnike. Matemati¢ne operacije, ki so
zelo uporabne za izlo¢anje koristnega signala iz moCnega
Sumnega ozadja, so veliko laze izvedljive z digitalnimi po-
datki kot pa z analognimi signali. Metode kot so konvoluc-
ija, korelacija, fouierjeva analiza,... je v analogni tehniki
skoraj nemogoce realizirati, v digitalni tehniki pa so to Cisto
vsakdanje stvari.

Preden pa signale zacnemo digitalno obdelovati, jih je
potrebno pretvoriti v digitalno obliko. Ta del naloge je zelo
pomemben, saj Se tako dobre metode obdelave digitalnih
signalov ni¢ ne pomagajo, ¢e je pretvorba iz analognega v
digitalni svet popacena.

V uvodnem delu magistrske naloge so predstavljene
fizikalne osnove jedrske magnetne resonance. Temeljni
lastnosti atomskih jeder, kotni moment ali spin | in magnet-
ni moment U, definirata giromagnetno razmerje vyp, kot
temeljno konstanto eksperimentov jedrske magnetne res-
onance.

Delovanje JMR magnetometrov temelji na fizikalnem prin-
cipu jedrske magnetne resonance. Vzorec, ki je del sonde
JMR magnetometra, vsebuje atomska jedra. Ko vzorec
postavimo v enosmerno merjeno magnetno polje, se mag-
netni dipoli nekaterih jeder postavijo v smeri tega polja,
nekateri v obratni smeri. V novi smeri magnetni dipoli atom-
skih jeder precesirajo, pravimo, da imajo spin.

Teorija jedrske magnetne resonance pravi, da je frekvenca
recesiranja ali vrtenja okoli nove smeri odvisna samo od
vrste jedra in od gostote enosmernega magnetnega pre-
toka zunanjega polja Bo. Do pojava jedrske magnetne res-
onance pride, ko vzorcu dovajamo energijo v obliki iz-
meni¢nega magnetnega polja enake frekvence, kot je frek-
venca precesiranja magnetnih dipolov atomskih jeder. lIz-
meni¢no magnetno polje generiramo s pomodjo zunanjega
visokofrekvenénega sinusnega generatorja. Frekvenca
precesiranja magnetnih dipolov atomskih jeder se imenuje
tudi Larmorijeva frekvenca .. Najpomembnejsa enacha
oL =Y . Bo linearno povezuje dve snovni veli¢ini, gostoto
magnetnega pretoka ter frekvenco, preko temeljne kon-
stante jedrske magnetne resonance v, ki se imenuje Giro-
magnetno razmerje. Giromagnetno razmerje je razmerje
med jedrskim kotnim momentom (spinom) in jedrskim mag-
netnim momentom in prestavlja snovno konstanto, oz. os-
novno fizikalno konstanto, ki je znacilna za atome dolo¢enih
kemicnih elementov. Neznano magnetno polje gostote
magnetnega pretoka Bg tako lahko merimo z merjenjem
Larmorjeve frekvence oy, pri ¢emer moramo poznati kon-
stanto .

V nadaljevanju dela je nazorno prikazan merilni postopek
pri uporabi magnetometra na principu jedrske magnetne
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resonance. Podrobno razumevanje delovanja magnetom-
etra je pomembno za njegovo kasnejSo nadgradnjo ter iz-
boljsavo. Predstavijeni so znacilni signali JMR ter nadin,
kako do njih pridemo. Prikazane so znacilnosti ter s tem
meritve naslanja na obdelavo teh signalov, je njihovo pozna-
vanje zelo pomembno. V ta namen je v tem delu prikazan
postopek dolocitve trenutka nastopa resonance.

Opisano je delovanje fazno-obéutljivega ojacevalnika. Z
njegovo pomocdjo iz signalov JMR izlodimo podatke o nas-
topu resonance. Izhod iz fazno-obcutljivega ojacevalnika
nam namre¢ da informacijo o tem, kako blizu resonance
se nahajamo. Poleg tega pa poskrbi tudi za izlocitev korist-
nega signala iz Suma. To pomeni, da z njim moéno po-
pravimo razmerje signal/Sum.

Z modeliranjem omenjenih signalov lahko simuliramo post-
opek zaznave resonance. Pri tem imamo opraviti z diskret-
nimi signali. Glede na to, da je naloga tega magistrskega
dela digitalna obdelava signalov JMR, je delo z diskretnimi
signali zelo nazorna simulacija realnega dela. Do signalov
JMR pridemo s pomocjo mnozenja (modulacije) sinusnega
(modulacijskega) signala preko absorpcijske (resonanc¢ne)
krivulje, ki jo v okolici resonancéne krivulje opisemo z Lorent-
zovo krivuljo. Znacilna zvonasta oblika Loerntzove krivulje
predstavije mnoZino energije, ki jo vzorec absorbira v odvis-
nosti od blizine frekvence @ zunanjega vzbujajocega iz-
meni¢nega magnetnega polja, Larmorjevi frekvenci o).

S pomocjo simulacije lahko Studiramo vplive nakljuénega
suma, izmeniénih parazitnih signalov (npr. Motnje omrezne
napetosti) in vplive sprememb staticnega magnetnega pol-
ja (blizina kovin, blizina mocnostnih vodnikov) na obdelavo
signala JMR ter tako to¢nost meritev.

V nadaljevanju simulacije, bomo uporabili realen povzro&en
signal, katerega bomo vzrocili s pomocjo VX! sistema (plat-
forma VXI-1500 ter 10MHz vzrodevalnik HP 1430A). Za
programsko podporo zajema signala smo izbrali program-
ski paket LabView. Diskretne vrednosti povzrocenega sig-
nala smo nato, podobno kot prej, obdelali v okolju MIT-
LAB, kjer smo dobili koristne informacije za nadaljnje delo.

Prikazana je Se ena mozna oblika zaznavanja resonance s
pomocjo signala JMR. In sicer uporaba spektralne anal-
ize. S pomocdjo Fourierove transformacije se da doloditi kdaj
nastopi resonanca, vendar zaenkrat le pri sorazmerno
mocnih signalih, ki jih dobimo pri merjenju vecjih gostot
magnetnega pretoka. Vendar pa je metoda obetavna in ji
bomo v prihodnosti posvetili ve¢ pozornosti.

Prva naloga pri nadgradnji obstojeCega magnetometra je
pretvorba analognega signala JMR v digitalno obliko.
Vzro¢enje, oziroma zajemanije signala v diskretnih casovnih
razmakih je osnova za realno-¢asovno signalno procesiran-
je. Veliko pozornosti je namenjeno zgradbi analognega fil-
tra, s katerim je pred vzoréenjem potrebno izloditi tisti del
nezelenega spektra, ki bi povzrodil prekrivanje spektra
vzro¢nega signala (aliasing) znotraj pasovne Sirine korist-
nega signala. Tu nam prav pride poznavanje lastnosti sig-
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nala JMR. Nato je prikazan sistem za analogno/digitalno
pretvorbo, pri kateri smo uporabili analogno/digitalni
pretvorik proizvajalca Burr Brown, DSP101, ki je prirejen
za delo z digitalnimi signalnimi procesorji. Podani so
pomembni napotki za sestavo takega sistema, ki je zelo
obcutljiv na vrsto dejavnikov (prikljucitev mas ter napajanja,
filtriranje napajanja, nacin locitve analognega ter digitainega
dela,...).

Cilj magistrske naloge je bilo doloditi trenutek nastopa res-
onance s pomocjo digitalne obdelave signalov jedrske
magnetne resonance. V ta namen smo uporabili DSP raz-
vojni sistem (Aplication Development Module) proizvajalca
Motorola, ADM 96000, ki vsebuje 96-bitni IEEE Floating-
Point digitalni signalni procesor DSP96002. Prikazana je
izvedba posameznih modulov potrebnih za delovanje sis-
tema ter delovanje programa, ki podpira delovanje celot-
nega sistema.

Na koncu bodo podani rezultati dela, primerjava novega
sistema z obstojecim ter razvojne smernice k nadaljnjim
izpopolnitvam magnetometra. Nadaljevanje raziskovainega
dela na podroCju nadgradnje magnetometra bo temeljilo
pretezno na izpopolnjevanju digitaine obdelave signalov
JMR. Potrebno bo izvesti rutine kot so filtriranje, fouierova
analiza,..., s katerimi bomo omogodili razsiritev merilnega
obmocja magnetometra ter izboljSanje njegovih metroloskih
lastnosti. Najpomembnejsi del bo predstavijal algoritem, ki
bo ob sorazmerno hitrem preletu resonandne krivulje z ve-
liko to¢nostjo zaznal, v katerem trenutku nastopi resonan-
ca. Poleg tega bo potrebno izvesti nacin za zajem merilnih
podatkov ter njihovo analizo.

Naslov naloge: Izpostavijenost in zascita ljudi in naprav
v okolju elektricnih magnetnih polj elektroenergetskih
omreiij

Avtor: Marko Istenié, univ. dipl. inz. el.

Mentor: prof.dr. Peter Zunko

Somentor; doc.dr. Peter Kokelj

Univerza v Ljubljani, Fakulteta za elektrotehniko

Nase bivalno in delovno okolje se pogosto nahaja v blizini
elektroenergetskin omrezij. Elementi elektroenergetskih
omrezij v prostor oddajajo elektromagnetno valovanje frek-
vence 50/60 Hz, ki predstavija del elektromagnetnega
frekvencnega spektra neioniziranih sevanj. Primeri iz prakse
kazejo, da lahko elektromagnetno valovanije, ki ga oddaja-
jo elementi elektroenergetskih omrezij, povzroda motnje v
delovanju nekaterih elektriénih naprav ali pri prenosu infor-
macij (telekomunikacijski kabli). Od zadetka sedemdesetih
let pa se veliko raziskav posveca tudi morebitnim skodljivim
vplivom elektromagnetnih polj na biologke organizme. Eden
izmed najpomembnejsih nacinov za smotrmo re$evanje teh
problemov je zas¢ita pred elektromagnetnim sevanjem.
Poznamo ve¢ vrst zascite, ki skusajo na ucinkovit in spre-
jemljiv nacin zmanjsati vpliv med virom sevanja in prostorom
oziroma objektom, ki ga ho¢emo $¢ititi.
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Dolocanje izpostavijenosti elektromagnetnemu polju v bi-
vanjskem ali delovnem okolju ljudi je osnovni pogoj za vse
nadaljnje raziskave (epidemioloske raziskave, raziskave na
prostovoljcih in laboratorijske Studije), naértovanje zaséite,
doloCanje dopustnih mejnih vrednosti ter tudi oceno
zdravstvenega tveganja. Za dolocanje izpostavijenosti ele-
ktromagnetnemu polju elementov elektroenergetskih
omrezij smo definirali matematicni model, ki smo ga upo-
rabili pri analizi izpostavijenosti elektromagnetnemu polju
med kmetijskimi opravili. Glavni vzrok za raziskave izpostav-
lienosti kmetovalcev je bila njihova specifi¢na narava dela
(na prostem, tudi v okolju daljnovodov) ter relativno velik
delez te poklicne skupine v splosni populaciji (v Sloveniji
okrog 12% prebivalstva). V analizi izpostavijenosti smo upo-
rabili eksperimentalno dolo¢ene faktorje dejavnosti ter fak-
torje obremenjenosti posameznih prenosnih daljnovodov,
ki jih zbira Elektrogospodarstvo Slovenije. Oceno izpostav-
lienosti smo izracunali iz statisticnih podatkov, ki jih zbirajo
na Statisticnem uradu Republike Slovenije, ter iz geograf-
skih podatkov o prenosnih daljnovodih v Sloveniji.

ReSevanja naloge oblikovanja zaddite smo se lotili z meto-
do digitalne simulacije, ki je pri raziskavah in razvoju
delovanja in vplivov elektroenergetskih omrezij eno na-
jvecCkrat uporabljenih orodij. Ob uporabi te metode se mo-
ramo nenehno zavedati, da je natanénost rezultatov digital-
nih simulacij neposredno odvisna od ustreznosti modelov,
s katerimi predstavimo elemente sistema. Nadrtali smo ved
razlicnih modelov zasc¢ite za zmanjSevanje magnetnega
polja transformatorske postaje, ki so namenjeni za upo-
rabo v programskem orodju EMAS.

Cezelimoz digitalno simulacijo, ki temelji na metodi konénih
elementov, opazovati razporeditev magnetnega polja v okoli-
cl transformatorske postaje, moramo pri nac¢rtovanju mod-
ela postaje prispevke posameznih elementov pravilno ovred-
notiti, saj bi bil detajini model celotne postaje zelo zapleten.
V nadem primeru, ko nas zanima razporeditev magnetnega
poljia zunaj transformatorske postaje, je dovolj, &e za vir
magnetnega polja upostevamo le vodnike, ki vodijo od
sekundarja transformatojra do nizko-napetostne omare. Pri
simulacijah se je izkazalo, da ob znatno enostavnejsem
modelu, ki bistveno skraj$a simulacijski ¢as, ne izgubimo
nobene pomembne informacije o razporeditvi magnetnega
polja v okolici transformatorske postaje, tudi pri nacrtovan-
ju zasdite.

Naslov naloge: Visokonivojska sinteza vezij z genetski-
mi algoritmi

Avior: Gregor Papa, univ. dipl. inz. el.

Mentor: prof. dr. Franc Bratkovi¢

Univerza v Ljubljani, Fakulteta za elektrotehniko

Vnalogi je predstavljen postopek naértovanija digitalnih vezij
z visokonivojsko sintezo. Poudarek je na osrednjem delu
nadrtovanja, ki ga sestavijata razvrééevanje in dodeljevan-
je. Vtanamen je bil izdelan nov optimizacijski algoritem, ki

vsebuje nekaj bistvenih prednosti drugih obstojedih algo-
ritmov. Predvsem so tu izpostavijene hitrost, vsestranskost
in robustnost.

V uvodnem poglavju so podani nekateri osnovni pojmi raz-
vr$¢anja in dodeljevanja v visokonivojski sintezi ter opti-
mizacije, ki o potrebni za razumevanje delovanja novega
algoritma in njegovih posameznih funkcij. V tej nalogi sta
zaradi svoje pomembnosti pri naértovanju obravnavana in
obsirneje predstavljena procesa razvséanja in dodeljevan-
ja.

Drugo poglavie ponuja nekaj bistvenih znagiinosti algorit-
mov za razvrs¢anje ter njihovo razvrstitev. Prestavljeni so
tudi nekateri pomembnejsi algoritmi, ki se pojavijajo v liter-
aturi in so v tej nalogi tudi uporabljeni. Ob tem so izpostav-
liene prednosti posameznih algoritmov ter njihovih razlicic.
Nakazana je tudi prednost naklju¢nosti algoritma.

Tretje poglavie vsebuje opis genetskih algoritmov. Pred-
stavijen je njihov izvor, njihove funkcije ter nadini njihovega
delovanja. Glede na razliéne izvedbe posameznih funkcij
obstaja tudi vec vrst genetskih algoritmov, ki pa se med
seboj razlikujejo le v izvedbi teh funkcij, medtem ko ostaja
nacin delovanja enak - evolucijski.

Celotno cetrto poglavje je posvedeno primerjavam in
ocenam posameznih algoritmov. Preko primerjalnih opis-
ov v tabelah in grafih je nakazan vzrok za izgradnjo novega
algoritma na temeiju genetskih algoritmov, saj so se izka-
zali za ucinkovite tako na podro¢ju izrabe gradnikov kakor
tudi pri racunski zahtevnosti algoritma.

Peto poglavije vsebuje podroben opis novega algoritma
MOGS. Ta veckriterijski algoritem za razvrdéanje uposteva
pri delu posamezna pravila, s katerimi dosega rezultate,
primerne za proces dodeljevanja. Podrobno so predstav-
liene tudi posamezne funkcije, nadin njihove izvedbe ter
vzroki in posledice izbire teh funkcij oziroma nacinov nji-
hovega delovanja. Glede na podobne obstojede algoritme
ima opisani algoritem spremenjeno cenovno funkcijo, saj
pri delu uposteva tudi tiste gradnike vezja, ki na razvrééan-
je nimajo neposrednega vpliva (registri, vodila).

V Sestem poglavju je algoritem MOGS ovrednoten s stal-
iSCa hitrosti, ucinkovitosti in primernosti za uporabo prinaér-
tovanju digitalnih vezij. V ta namen je bilo sestavljenih nekaj
testnih vezij, ki preskusajo delovanje algoritma ter prever-
jajo njegove zmoznosti. Algoritem MOGS se je v primerjavi
z drugimi algoritmi izkazal za uspesnega na vseh preskus-
nih podrogiih.

V zadnjem poglaviju so podane ocene novega algoritma s
stali§¢a drugih postopkov v okviru visokonivojske sinteze
ter nekatere pomembnej$e smernice za iskanje novih poti
pri razsiritvi ter dodelavi predstavijenega algoritma.
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Naslov naloge: Sledenje in kodiranje oblike video ob-
jektov

Avtor: Janez Zaletelj, univ. dipl. inZ. el.
Mentor: prof. dr. Jurij F. Tasié
Univerza v Ljubljani, Fakulteta za elektrotehniko

Cilj standardov digitalnega kodiranja avdiovizualnih podatk-
ov je doseganje ¢im vi§jih stopenj zgoséevanja podatkov,
ki naj ob enaki ali izbolj$ani kvaliteti slike in zvoka glede na
analogni prenos omogocijo sprejem slike in zvoka preko
razli¢nih vrst komunikacijskih kanalov. S pojavom vecCpred-
stavnih podatkovnih baz, videa na zahtevo, interaktivne tel-
evizije ter Sedaljie $irSe uporabe ne samo avdio, pac pa
tudi vizualnih komunikacij, pa se postavljajo nove zahteve
glede funkcionalnosti, ki naj jih standardi za kodiranje
omogodajo, saj zelimo imeti moznost vsebinskega dostopa
do podatkov.

Najnovejsi standard na podrodju digitainega kodiranja vi-
dea vpeljuje nov semanti¢ni model video podatkov. Video
ne predstavija ve¢ preprostega zaporedja slik, ampak vso-
to posameznih avdiovizualnih objektov. Taksen model omo-
goca npr. ucinkoviteje urejanje video posnetkov, pa tudi
iskanje po veépredstavnih podatkovnih bazah na osnovi
vsebinskih znadilnosti posameznih objektov. Pri tem je
potrebno resiti problema izlo¢anja (segmentacije) video
objektov iz slike ter ucinkovitega kodiranja dodatne infor-
macije, ki jo predstavija oblika objektov.

Koncept magistrske naloge s podrocja digitalnega kodiranja
videa na osnovi vizualih objektov lahko strnem v naslednje
tocke:

1. predstavitev obstojecih standardov s podro¢ja digital-
nega kodiranja videa in njihovin omejitev glede vse-
binskega dostopa do video podatkov,

2. opis modelov slike, ki omogoc¢ajo kodiranje slike kot
vsote posameznih vizualnih objektov,

3. opis modelov gibanja objektov, s pomodjo katerih je
mozno slediti gibanju objekta skozi zaporedje slik ter
na ta nacin loditi objekt od ozadja,

4. definiranje nacina predstavitve oblike objektov ter nje-
nega spreminjanja s ¢asom, ker je poudarek na aprok-
simaciji oblike s parametricnimi zleplienimi krivuljami,
ki omogoc¢ajo naravno predstavitev oblik z minimalni-
mi popacenii,

5. ucinkovito kodiranje oblike in gibanja video objektov
aproksimiranih z zlepljenimi krivuljami, ob iskanju op-
timalnega kompromisa med popacenji oblike ter
potrebno bitno hitrostjo prenosa.

Nastete tocke zdruzimo v izdelavi sistema za hkratno seg-
mentacijo gibajodih slik na posamezne objekte s pomocjo
tehnik sledenja objektov ter kodiranja njihovega gibanja in
oblike. Pri tem uporabimo model gibanja objekiov, na os-
novi katerega ocenimo vektorje gibanja objektov, z njihovo
pomodjo pa potem projiciramo obliko objekta v naslednjo
sliko zaporedja. Tehnike obdelave slik uporabimo za za-
znavanje robov objektov, katere potem aproksimiramo s
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parametricnimi krivuljami s pomodjo tehnik numeriéne op-
timizacije. Kon¢no zaporedje kontrolnih tock krivulje kodira-
mo z entropijskim kodiranjem. Opisan sistem predlaga re-
Sitve za nekatere od opisanih problemov ter omogoca pona-
zoritev prednosti objektno orientiranega pristopa h kodiranju
digitalnih video signalov.

Naslov naloge: Pretvorniki valovne dolzine v optiChem
transportnem omrezju

Avtor: Boétjan Batagelj, univ. dipl. inz. el.
Mentor: doc. Dr. Matjaz Vidmar, univ. dipl. inz. el.
Univerza v Ljubljani, Fakulteta za elektrotehniko

Potreba po pretvornikih valovne dolZine je nastala v samem
optiénem omrezju zaradi razsdritivenih potreb, ki rastejo
sorazmerno z naraséajoéim telekomunikacijskim prome-
tom. Pretvorniki valovne dolzine so naprave, ki imajo
sposobnost pretvarjati oziroma spreminjati valovno dolzino
(frekvenco) opticnega signala, ki vstopa vanje. Poznane so
razli¢ne tehnike pretvorbe valovne dolzine, ki so osnovane
na najrazlicnejsih fizikalnih prinicpih. Eden od namenov tega
dela je ustvariti pregled sprememb in izboljsav pri tehnikah
pretvorbe, ki so jin osnovne raziskave prinesle v zadnjih
letih.

V uvodnem delu so opisani posamezni parametri pretvorni-
kov valovne dolzine, ki jih ovrednotijo in omogocijo njihovo
kasnejso medsebojno primerjavo.

Delo je sestavljeno iz dveh delov. V prvem delu so opisane
moznosti uporabe pretvornikov valovne dolzine v popolino-
ma optitnem omrezju. Za posamezno moznost uporabe
so zbrane lastnosti, ki naj bi jih imel pretvornik valovne
dolzine. Poleg pretvorbe so $e posebej poudarjene nasled-
nje lastnosti: transparentnost, regeneracija in kompenzac-
ija disperzije.

V drugem delu so proucéene razli¢ne fizikalne metode popol-
noma opticne in optoelektri¢ne pretvorbe valovne dolzine.
Razvrséene so glede na telekomunikacijske zahteve popol-
noma opticnega omrezja v koherentne in nekoherentne
tehnike pretvorbe. Analizirani so mehanizmi pretvorbe val-
ovne dolzine, ki so primerni za uporabo v telekomunikaci-
jskem optiénem omrezju. Podrobneje sta teoreticno opisa-
na pretvornika, ki delujeta na principu stirivalovnega me-
Sanja in krizne fazne modulacije v opticnem viaknu. Prika-
zana je prakti¢na realizacija obeh pretvornikov in podani
s0 njeni rezultati. Analizirana je uporaba teh dveh pretvor-
nikov v opticnem WDM transportnem omrezju.

V sklepu so zbrani razultati primerjalnih lastnosti in moznost
uporabe pretvornikov v dveh preglednih tabelah, ki opera-
terju omrezja jasno prikazejo, kateri pretvornik valovne
dolzine je primeren za Zeleno aplikacijo. Razvidno je, daje
pri izbiri pretvornika valovne dolzine potrebno upostevati
tudi ostale uporabne lastnosti, ki spremljajo samo pretvor-
bo. Stem se funkcionalnost popolnoma opticnega omrezja
Se dodatno poveca.
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Naslov naloge: Dolo¢anje prozodi¢nih lastnosti z ana-
lizo besedil

Avtor: Janez STERGAR, univ. dipl. inz. el.

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

V magistrskem delu je predstavijen pristop dolo¢anja pro-
zodi¢nih znacilnosti v besedilih na simboli€nem nivoju.
Odiocili smo se za podatkovno vodeni pristop pri resevan-
ju problema s ciljem hitrega snovanja modelov in podpore
vedjezic¢nosti. Izdelali smo orodje za polavtomatsko napo-
vedovanje oz. oznacevanje in klasifikacijo prozodi¢nih mej
in pomozno orodje za oznacevanje jakostnih izrazitosti v
povedi. Dopolnili smo besedilne zbirke z oznacitvijo bes-
ednih vrst celotne zbirke in oznacili besedilno zbirko s pro-
zodi¢nimi mejami. V nadaljevanju smo poskusali napove-
dovati in klasificirati prozodi¢ne meje glede na besedilne
zbirke, ki smo jih pripravili. Uporabili smo pristop uCenja z
nevronskimi mrezami, modul napovedovanja pa smo real-
izirali z ve¢nivojskimi perceptroni.

Preskusili smo razlicne algoritme ucenja in nekatere
nadgradnje osnovne strukture vecnivojskega perceptrona
in realizirali strukturo za napovedovanje prozodiénih mej.

Naslov naloge: Komprimiranje dvodimenzionalnih sig-
nalov po metodi drevesa nicel

Avtor: DuSan GLEICH, univ. dipl. inZ. el.

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

V magistrskem delu so opisane transformacijsko izgubne
metode za komprimiranje dvodimenzionalnih signalov. Za
transformacijo metode uporabljajo diskretno transformaci-
jo wavelet. Metode se med seboj razlikujejo po kvantizac-
iji. Poudarek je na metodah, ki temeljijo na t.i. algoritmu
drevesa nicel. To so metoda dreves nicel, delitev niza pri
hierarhi¢nih drevesih in prostorsko frekvencna kvantizaci-
ja. lzgubne metode za komprimiranje dvodimenzionalnih
signalov so testirane nad testnimi opticnimi slikami in SAR
sliko.

Naslov naloge: Primerjava signalizacij v ISDN vmesnikih
Avtor: Rado SLATINEK, univ. dipl. inZ. el.

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

Magistrsko delo obravnava signalizacijske protokole tretje
plasti vmesnika med uporabnikom in digitalnim omrezjem
z integriranimi storitvami. V delu je prikazano funkcijsko
obnasanje vmesnika z vsemi funkcijskimi grupami, ki krmil-
fjo pretok signalizacijskih sporodil. Osnovnim funkcijam
vmesnika med terminalsko opremo in konénikom centrale
smo dodali funkcije zasebnega in dostopovnega omrezja.
Signalizacije, ki se uporabljajo v tako razsirjenem vmes-

niku, so podrobneje obdelane, prikazan pa je tudi nacin
njihove izvedbe. Primerjava med signalizacijskimi protokoli
vvmesniku ISDN temelji na studiju standardov ETS! ter na
resitvah, ki smo jih uporabili pri zasnovi in izdelavi program-
ske opreme. Posebej sta bili obdelani signalizaciji DSS1 in
QSIG ter protokoli vmesnika V5.2 s signalizacijo PSTN.
Primerjava uposteva zahtevane in ponujene komunikacijske
storitve za prenos signalizacijskih sporocil, stanja osebkov
protokolov ter vsebino in zgradbo sporocil. V primerjavi je
delno upostevan tudi protokol DECT, ki pa ni bil realiziran.

Naslov naloge: Veckanalni sprejemnik za CDMA z upo-
rabo digitalnega signalnega procesorja in vezij FPGA

Avtor: Filip Samo BALAN, univ. dipl. inz. el.

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

V magistrskem delu je predstavijena prakticna izvedba
komunikacijskega sistema z veckanalnim sprejemnikom s
kodnim sodostopom. Sistem tako omogoc¢a soc¢asno odd-
ajanje in sprejemanje podatkov najrazli¢nejsih izvorov.

Posamezni oddajniki so narejeni s pomoéjo RISC
mikrokrmilnikov in omogodéajo tvorjenje poljubnih psevdo-
naklju¢nih zaporedij z nastavljivo hitrostjo. V sprejemnem
delu vhodni signal najprej digitaliziramo s hitrimi A/D
pretvorniki. Strojna oprema za tvorjenje lokalnih PN za-
poredij, korelacija z vhodnim signalom ter komunikacija s
procesorjem je opisana v jeziku VHDL ter izvedena v vezju
FPGA. Vsa druga potrebna opravila naredi digitalni signal-
ni procesor, rezultati pa se prenesejo na osebni racunaln-
ik. Podanih je tudi nekaj eksperimentalnih rezultatov.

Naslov naloge: Problematika izobraZzevanja elektromag-
netne skladnosti

Avtor: Marko VALANT, univ. dipl. inZ. el.

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

Delo predstavija prepoznavanje potreb po specificnem
znanju elektromagnetne skladnosti (EMC) , ki je v univer-
zitetnih Studijskih programih delno zanemarjeno, je pa pre-
potrebno za slovensko industrijo. Namen dela je postavitev
temeljev in strokovno podkrepljena umestitevtega znanjav
predmetno podrocje elektrotehnike. Tako bodo Studentje,
kot bodoci nacrtovalci elektronskih naprav in sistemov,
osvojili vesCine elektromagnetne skladnosti, ki so nujne pri
nastajanju funkcionalnega izdelka, da bo le-ta izpolnjeval
vse zahteve evropske smernice EEC/336/89.

Poudarek je na pripravi prakti¢nega urjenja, ki be nadgradilo
teoretiCno znanje. V uvodu opozorimo na temeljne tezave,
ki izhajajo iz elektromagnetne neskladnosti razlicnih ele-
ktronskih naprav in sistemov.
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Drugo poglavie predstavija podrocje EMC. Tretje poglavje
zajema zahtevane meritve, ki jih narekuje evropska smerni-
ca glede EMC, cetrto poglavje pa se ukvarja s studijo
izobrazevalnih konceptov v tujini. Peto poglavje predstavija
cilj nasega dela. Osredoto¢imo se na zasnovo laboratori-
jskih eksperimentov pri samostojnem ucnem predmetu Ele-
ktromagnetna skladnost.

Eksperimenti ponazarjajo osnovne principe EMC. Podan
je tudi prediog opreme sodobnega laboratorija, ki bo po-
leg pedagoskih namenov lahko rabil za izvajanje tovrstnih
storitev.

DOKTORSKE DISERTACIJE

Naslov naloge: Polprevodniske strukture za detekcijo
sevanj

Avtor: Danilo Vrtacnik
Mentor: Prof. dr. Slavko Amon
Univerza v Ljubljani, Fakulteta za elektrotehniko

V predlozenem doktorskem delu smo raziskali osnovne last-
nosti detektorja mehkih x-zarkov, izdelanega na visokoohm-
skem in zelo Cistem silicijevem kristalu. Obravnavali smo
interakcijo elektromagnetnega sevanja s silicijevo strukturo.
Ugotovili smo, da se mehki x-zarki absorbirajo v siliciju pri-
marno s fotoelektricno absorpcijo, pri Cemer je z absorpci-
jo generirano stevilo prostih nosilcev odvisno od energije
vpadnega sevanja.

Osnovna celica prediaganega pasovnega detektorja, ki smo
ga v delu imenovali kar strip detektor, je p-i-n (PIN) diodna
struktura. Teoreti¢na obravnava PIN strukture je vsebovala
analizo senzorskega izgubnega toka, Zivljenjske dobe nosil-
cev, energijsko lodljivost in Sumne izvore. Ugotovili smo,
da celotni izgubni tok v detektorju izvira iz termicnih gener-
acij treh podrodij: povrSine, osiromasenega podrodja in
neosiromasenega (navidezno nevtralnega) podrocja. V
normalnem rezimu delovanja, 1o je pri popoinem osiro-
masenju substrata, najvedji prispevek k celothemu izgub-
nemu toku prispevajo termicne generacije v osiromasenem
podrodiju.

Zmoznost detektorja, kako natanéno meri energijo vpad-
nega sevanja, je izrazena z njegovo energijsko locljivostjo
in je v detektorski strukturi dolocajo trije glavni izvori Suma:
statisticno odstopanje v stevilu generiranih nosilcev ter sta-
tistitno odstopanje v izgubnem toku detektoria in elekiron-
skega vezja, na katerega je prikljucen detekior.

Raziskali smo tudi vpliv vpadnega sevanja na generiranje
poskodb v detektorski strukturi. Ugotovili smo, da mehki x-
zarki povzrocajo predvsem poskodbe v silicijevih oksidnih
plasteh in na meji Si/Si02. Te poskodbe imajo za posledi-
co premike v pragovni napetosti MOS struktur (v nagem
primeru pomembno za FOXFET strukture) in v lokalnem
poveCanju elektricnega polja in s tem izgubnega toka na
kriticnih mestih v PIN strukturi.

Zadrtana in izdelana je bila nova struktura silicijevega strip
detektorja za stransko osvetljevanje z x-zarki. Zaradi iz-
boljSanja stabilnosti delovanja detektorja in zaradiizbranega
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delovanja detektorja v nacinu posameznega stetja fotonov
(single-counting mode), smo se odlaéili za izmeniéno (AC)
prikljucitev detektorja na predojacevalno vezje.

Bremenski upor smo realizirali z izkoris¢anjem upornosti
tako imenovanega punch-through efekta, ki smo ga dodat-
no dogradili s tem, da smo na to strukturo dodali $e kovin-
sko elektrodo vrat na osnovni oksid. Tak$no strukturo, ki je
poznana kot FOXFET struktura, smo proucevali tudi s po-
mocjo numericnega 2D modeliranja. Na podlagi omenjenih
modeliranj smo ugotovili, da vgrajeni naboj v oksidu in izgub-
ni tok detektorja pomembno vplivata na delovanje FOXFET
uporovne strukture.

Izboljsali smo strukturo lo¢ilnega kondenzatorja s tem, da
smo namesto ene same oksidne plasti uporabili sendvic-
strukturo iz silicijevega oksida in nitrida. Pri tem smo ugo-
tovili, da imajo pomembno vlogo pri preboju dielektrika
debeline posameznih plasti kakor tudi njihovo razmerje in
ugotovili vrednosti kriticnih parametrov.

Podrobno so bili raziskani nekateri kritiéni tehnoloski ko-
raki priizdelavi detektorske strukture. Za izdelavo strip de-
tektorja smo uporabili standardni planarni proces, prirejen
za procesiranje na visokoohmskih in zelo &istih silicijevih
rezinah. Klju¢no viogo pri procesiranju detektorja je odi-
grala Cistost procesa in postopki getranja.

Raziskali smo razlicne postopke mokrega &idéenja, pri
cemer smo za osnovo izbrali standardno RCA d¢iséenje.
Rezultati so pokazali, da ni univerzalnega ¢iséenja, ki bi bil
enako ucinkovit za vse faze ¢iS¢enja v postopku izdelave
detektoria.

Ugotovili smo, da je najboljsi proces getranja tisti, ki vse-
buje hkratno getranje necisto¢ z difuzijo fosforja in depo-
zicijo polisilicija na zadnji strani rezine. Pri tem je pomem-
bno, da je depozicija fosforja napravijena takoj po zacetni
oksidaciji, na zmerni temperaturi okrog 1000°C. Eksperi-
menti so tudi pokazali velik vpliv segregacijskega napuscan-
ja naizgubni tok detektorja.

Elektricne meritve na izdelanih detektorjih so pokazale
dobro, v nekaterih segmentih pa odli¢no ujemanije z napo-
vedanimi teoreti¢nimi priGakovanji. Elektricne meritve so
pokazale na upravi¢enost zacrtanega varovalnega obroc¢a
detektorja, ker rezultati kazejo, da povrsinska komponenta
izgubnega toka ni nezanemarljiva.

Predlagana nova, izvirna merilna metoda meritve izgubne-
ga toka posameznega stripa, je opravicila uporabo predia-
ganega pristopa.
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Poleg potrditve simulacijskih rezultatov z meritvami glede
dinamicne upornosti FOXFET bremenskega upora, zlasti
glede njene odvisnosti od izgubnega toka in vgrajenega
akumuliranega naboja v kanalu FOXFET-a, so rezuliati
meritev tudi pokazali, da je dinamic¢na upornost funkcija
geometrije FOXFET strukture.

[zmerjen detektoriev odziv na x-zarke je pokazal, da je de-
tektor sposoben zaznavati energije visje od 12keV. Izmer-
jeni ekvivalentni sumni naboj detektorja priklju¢enega na
CASTOR elektroniko je znasal 690 (elektronov).

Naslov naloge: Mikroobdelava silicija za senzorske in
aktuatorske strukture

Avtor: Drago Resnik
Mentor: prof. dr. Slavko Amon, univ. dipl. inz.
Univerza v Ljubljani, Fakulteta za elektrotehniko

V prediozenem doktorskem delu smo raziskali nekatere
pomembne vitalne tehnologije mikroobdelave (microma-
chining) silicijevih ploscic orientacije <100>, ki se danes
najved uporabljajo pri realizaciji silicijevih senzorskih in ak-
tuatorskih mikrostruktur. Delo je sestavljeno iz stirih os-
novnih sklopov, ki obravnavajo podrobno fizikalna ozadja
jedkalnih procesov pri izdelavi mikrostruktur, eksperimen-
talne rezultate in njihovo analizo ter prinasajo ustrezne nove
resitve.

Prvi sklop sistematic¢no obravnava moderne tehnologije, ki
se danes uporabljajo pri mikroobdelavi silicija. Posebna
pozornost je namenjena anizotropnemu mokremu jedkan-
ju silicijevih struktur.

Drugi sklop predstavija raziskave spodjedkavanja in kom-
penzacije konveksnih vogalov pri realizaciji mikrostruktur s
pomocijo mokrega jedkanja.

V tretjiem delu obravnavamo novejse podrodje tvorbe stran-
skih {311} silicijevih ravnin, ki omejujejo silicijeve strukture
pri anizotropnem mokrem jedkanju in omogodajo realizac-
ijo vecnivojske mikroobdelave z minimalnim naborom foto-
mask.

V Cetrtem delu smo se ukvarijali z raziskavo tehnike nizko-
temperaturnega bondiranja silicijevih ploséic, ene od os-
novnih tehnologij pri realizaciji kompleksnih senzorskih el-
ementov in mikrosistemov.

Razvoj senzorjev in aktuatorjev na siliciju je poleg tehnologij
za izdelavo vezij za zajemanje in obdelave signalov nepo-
sredno pogojen tudi z razvojem mikroobdelave silicija.
Mikroobdelava pomeni nacin preoblikovanja silicijevega
substrata kot osnovnega materiala v primerne oblike in di-
menzije z odvzemanjem (globinska mikroobdelava) ali do-
dajanjem materiala (povrsinska mikroobdelava). Pri mikroo-
bdelavi silicija se postuzujemo orodij, ki so navoljo v mikroe-
lektronski industriji, kot tudi novih ali izpopolnjenih tehnik,
specificnih za podroéje mikroobdelave. Vse te dodatne

tehnike morajo biti zdruzljive z mikroelektronskimi procesi,
saj se izvajajo v istih okoljih in na kompatibilnih materialih.

Tri osnovne lastnosti, ki omogodajo mikroobdelavo silicija,
s0: i) anizotropno obnasanje razlicnih kristalnih ravnin, ii)
selektivnost jedkanja silicija glede na maskime materiale
ter iii) samoustavitvene tehnike jedkanja.

Za mikroobdelavo je posebej primeren silicij orientacije
<100>, predvsem zaradi primernih anizotropnih lastnosti,
saj se ravnine (100) jedkajo znatno hitreje od ostalih, po-
leg tega pa se standardno uporablja tudi v mikroelektron-
skih tehnologijah za izdelavo integriranih vezij.

Pri anizotropnem jedkanju pravokotnih oblik silicijevih 3D
struktur, paralelnih ali pravokotnih z [110] smerjo, so pri
(100) siliciju stranske mejne {111} ravnine definirane stoéno
dolo¢enimi medsebojnimi koti (70,53°).

Pri strukturah kot je na primer prisekana piramida, ali ta-
koimenovanih »mesa« strukturah, se izkaze, da bodo iz-
postavijeni konveksni vogali prisekani pod doloGenimi koti
z dvema ali celo kombinacijo veé ravnin vigjih indeksov. Ker
je ta pojav pri izdelavi tridimenzionalnih silicijevih struktur
nezazelen, ga je potrebno eliminirati ali vsaj zmanjsati.

Raziskali smo vpliv spodjedkavanja konveksnih vogalov v
razlicnih anizotropnih jedkalih: KOH, KOH-IPA, TMAH in
TMAH-IPA. Na podiagi teh rezuitatov smo dolodili, katere
ravnine povzrocajo hitrejse spodjedkavanje. Zakasnitev jed-
kanja na konveksnem vogalu dosezemo z uporabo mask s
kompenzacijskimi liki, definiranimi na mestu konveksnega
vogala. Pri zahtevani globini se mora vogalna superpozici-
ja spodjedkati le do pravilnega preseciséa {111} ravnin.
Takrat je stopnja kompenzacije najvedja.

Analizirani so bili pristopi raznih avtorjev, ki so prisli do ra-
zliénih rezultatov glede kristainih ravnin na konveksnem
vogalu, s tem pa tudi do razlicnih resitev za realizacijo kom-
penzacijskih mask.

Uspesne kompenzacijske strukture vkljucujejo trikotnike,
kvadrate, pasove v smeri <100> in asimetri¢ne podaljske v
smeri <110>. Cilj je ob najmanjsi porabi lateralnega pros-
tora priti do ¢imbolj popolne kompenzacije.

Na podlagi eksperimentalnega dela in analize rezultatov,
smo nadrtali ve¢ razlicnih kompenzacijskih struktur ter jih
preizkusili v &tirih razli¢nih jedkalnih sistemih. Na podlagi
teh rezultatov smo dolodili osnovne zakonitosti spodjedka-
vanja in izvedli relacije za dimenzioniranje kompenzacijskih
struktur s superponiranim kvadratom in superponiranim
trikotnikom na mestu konveksnega vogala. Pri tem smo si
pomagali z analizami optiéne in elektronske vrsti¢ne
mikroskopije (SEM).

Z namenom razsiriti moznost uporabe mikroobdelave tudi
na druge ravnine, ki sekajo povrsino (100) pod drugimi koti,
smo raziskali moznosti, ki jih nudi anizotropno jedkanje v
razlicnih jedkalih. Zanimiv nov fenomen, ki je bil odkrit pri
nadem delu, je dejstvo, da je mozno iz obstojedih struktur
z {111} mejnimi ravninami realizirati tudi ravnine {311} in sicer
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tako, da se po maskirnem jedkaniju v prvi fazi odstrani masko
z (100) ravnine na definiranem podroc¢ju. To imenujemo v
delu anizotropno brezmaskirno jedkanie, saj na tem po-
dro¢ju poteka sedaj jedkanje brez maske. Podrobneje je
bil ta fenomen raziskan za KOH, medtem ko za TMAH jed-
kalo rezultati omenjenega pristopa $e niso bili analizirani v
literaturi. Raziskave so potekale primerjalno v omenjenih
jedkalih.

Prednost nasega pristopa je vtem, da Ze na zadetku ustva-
rimo na povrsini silicijeve ploscice dve maskirni plasti. Naj-
prej zraste na povrsini silicija termiéni silicijev oksid SiO2
nakar deponiramo z LPCVD metodo nanasanja $e plast sili-
cijevega nitrida Si3N4. Zatem z dvema zaporednima fo-
tolitografskima postopkoma definiramo dve podrodji jed-
kanja. V prvi fazi jedkamo anizotropno preko oksidne
maske, ki jo nato pred zacetkom drugega jedkanja odstran-
imo. Predhodno ustvarjene {111} ravnine se zvezno pretvor-
ijo po dolo¢enem casu v {311} ravnine. Ugotovljeno je bilo,
da se anizotropija moéno zmanj$a, kar moramo upostevati
7e pri nacrtovanju mikrostruktur.

Predstavljena je analiza karakteristik takega nacina jedkanja,
vklju¢ujoé morfoloske lastnosti novih ravnin kot posledice
temperaturne odvisnosti jedkalnega procesa. Posebna
pozornost je bila usmerjena tudi na obnasanje konveksnih
in konkavnih vogalov pri spremenjenih pogojih anizotropi-
je, saj se v primeru mikrostruktur, omejenih s {311} ravni-
nami, zaradi spremenjene anizotropije moc¢no spremenijo
razmere tudi na vogalu. Na podlagi opravljenega eksperi-
mentalnega dela smo pokazali, da lahko z izbiro globine
mikrostrukture v maskiranem jedkanju ter naknadnega brez-
maskiranega jedkanja dosezemo samokompenzacijo struk-
tur. Obenem z izboljSanjem razmer na konveksnih vogalih
smo ugotovili v brezmaskiranem nadinu popacenje
konkavnih vogalov, kar v maskiranem nacinu jedkanja ni
bilo opaziti. Ugotovljena je bila vecja zaobljenost konkavnih
vogalov v brezmaskiranem nacinu jedkanja, ki je bolj pou-
darjena v KOH jedkalu v primerjavi s TMAH jedkalom.

Zaradi potencialne uporabe {311} ravnin kot opti¢nih od-
bojnih powrsin, smo raziskali vpliv razlicnih jedkal, temper-
ature kopeli, koncentracije raztopine jedkala in mesanja
jedkal na hrapavost dobljenih {311} ravnin. Znizanje hrapa-
vosti smo dosegli z izbiro jedkala in optimiranjem jedkalnih
parametrov. Predlagana in izvedena je bila tudi moznost
realizacije mikrostruktur s kombinacijo dveh mejnih ravnin,
v nasem primeru {111} in {311} ravnin.

Bondiranje je vazen postopek pri izdelavi silicijevih senzor-
skih in aktuatorskih struktur, saj nam omogoc¢a spajanje kom-
plementarnih delov delno izdelanih mikrostruktur, ki tako
dobijo funkcionalno vrednost in jih ni mozno realizirati s teh-
noloskimi prijemi na eni sami silicijevi plosgici. Omogoca tudi
pritrditev obéutljive, aktivne senzorske ali aktuatorske mikros-
trukture na pasivno podlago, ki daje mehansko trdnost,
potrebno za nadaljnjo montazo v ohisje.

Pri direktnem nizkotemperaturnem bondiranju dveh silici-
jevih rezin s hidrofilno zaklju¢eno povréino je priviacnost
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pri sobni temperaturi posledica Van der Waalsovih sil, s
temperaturnim napuscanjem pa jih nadomestijo kovalentne
vezi.

Raziskava bondiranja je bila izvedena z namenom razume-
vanja fenomenov, ki se pojavljajo ob pripravi povrsin in med
bondiranjem samim, kot tudi prakti¢nim aplikacijam. Pred-
stavljene so osnovne lastnosti hidrofilnih in hidrofobnih
povrsin silicija in silicijevega oksida ter kemijsko-fizikalni
nacini povezav med povrsinama ob medsebojnem stiku.

Raziskani so bili osnovni parametri, ki vplivajo na kvaliteto
bonda. To so predvsem priprava silicijeve povrsine, zacetna
topografija povrsine, ambient pri bondiranju ter vpliv ori-
entacije silicijevih ploséic na porusitveno trdnost bonda.

Delo je osredotoceno predvsem na bondiranje silicijevih
ploscic orientacij <111>in <100> v temperaturnem obsegu
80-400°C vtreh razliénih ambientih, prisotnih pritermi¢nem
napuscanju: v kisiku, dusiku in nizkem vakuumu. Cilj tega
dela je bil poiskati primerjavo med bondirnimi energijami,
dosezenimi pri teh danih pogojih, najti optimum in mozne
fizikalne razlage k dosezenim eksperimentalnim rezultatom.

Zaradi tvorbe praznin na stiku pride do nepopolnega spa-
janja povrsin. Podani so vzroki za nastanek le-teh kot tudi
resitve, ki doprinesejo k zmanjsanju stevila in velikosti
praznin, ter v konéni fazi do njihove eliminacije.

Prikazane so metode za ovrednotenje bonda ter obdelane
deformacije v siliciju kot posledica prilagajanja realnih povr-
$in, ki so posledica hrapavosti posameznih spojnih povrsin.

Karakterizacija kvalitete bonda je bila izvedena s trgalnimi
testi, ki podajajo porusitveno trdnost bonda. V rezultatih so
podane odvisnosti natezne trdnosti bonda od valovitosti in
hrapavosti povrsin in vpliv kemijskega ¢is¢enja povrsine sil-
icija na topografijo, nadalje odvisnost natezne trdnosti od
ambienta, prisotnega pri termiénem napuscanju, od tem-
perature napuscanja bondirnih vzorcev, od orientacije sil-
icija ter zakljuc¢itve povrsine posamezne sticne povrsine.
Kvalitativha karakterizacija bonda je bila izvedena tudi s ter-
movizijsko kamero.

Predstavijeni so obstojedi fizikalni modeli in dopolnitev teh
modelov na osnovi ugotovitev nasega eksperimentalnega
dela. Opravljeno raziskovalno delo podpira vrsto predstav-
lienih modelov ter prinasa nekatere nove bistvene ugoto-
vitve v fizikalnih dogajanjih pri bondiranju hidrofilnih silici-
jevih povrsin, ki sloni predvsem na vplivu orientacije krista-
la, priprave povrsin in ambientu napuscanja.
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Naslov naloge: Optimizacije vezij v programskem okolju
SPICE

Avtor: Janez Puhan
Mentor: prof. Franc Bratkovi¢, univ. dipl. inZ.
Univerza v Ljubljani, Fakulteta za elektrotehniko

Optimizacija elektronskih vezij je zelo obsiren pojem, ki
zajema razlicne vrste optimizacijskih postopkov. V ozjem
pomenu besede pomeni nadrtno spreminjanje poljubnih
parametrov danega vezja z namenom iskanja odziva in last-
nosti vezja, ki bi bile ¢imbolj podobne zelenim. Nacrtova-
lec pri tem uporablja inZenirsko znanje iz analize in sinteze
vezij, ter svoje dragocene izkusnje. Ze znane resitve posku-
$a prikrojiti potrebam nacdrtovanega vezja. Optimizacijsko
orodje mu je lahko v veliko pomo¢. Razkriva mu nove po-
glede na dolo¢eno vezje in odpira nove resitve, ki niso
omejene z nacrtovalskimi kalupi, ali pa potrjuje optimalno
zgradbo nekega vezja.

Da lahko optimizacijski postopek opravi svoje delo, potrebu-
je temelj, na katerem lahko gradi. To je primeren analizator
elektronskih vezij, ki se je ze dokazal s svojo numeri¢no
stabilnostjo in to¢nostjo rezultatov, ter je hkrati primeren za
nadgradnjo. Taksen temelj predstavlja programsko okolje
SPICE. Programsko okolje SPICE je zadnjih nekaj let ned-
voumno industrijski standard na podrocju racunalniske
analize integriranih in diskretnih analognih, ter deloma tudi
digitalnih elektronskih vezij. Na njem je, zaradi javnosti orig-
inalne Berkeleyeve izvorne kode, mogoca poljubna vrsta
nadgradnje.

Med studijem teorije optimizacijskih metod so bili izobliko-
vani prakticni numeriéni postopki konkretne implementac-
ije le teh v programskem okolju SPICE. Tako je v delu pod-
robneje opisanih enajst implementiranih optimizacijskih
metod s staliS¢a prakticne izvedbe. Pri tem so pri nekater-
ih metodah podani tudi izkustveni popravki algoritmov
znanih iz teorije, ki se izkazejo pri delu z realnimi primeri.

V okviru nadgradnje programskega okolja SP/CE s splos-
no optimizacijsko zanko je bil potreben tudi pogloblien studij
originalne Berkeleyeve izvorne kode. Tako je podrobneje
opisana tudi sama implementacija optimizacijske zanke, ter
sticne tocke (podatkovne strukture in posamezne funkcije)
med osnovno kodo in kodo optimizacijske zanke. Kot re-
zultat teh prizadevanj je nastalo povsem splo$no racunaln-
iSko optimizacijsko orodje z enajstimi vgrajenimi optimiza-
cijskimi metodami. Le to omogoca optimizacijo poljubne-
gavezja, s poljubno definirano kriterijsko funkcijo. Prav tako
lahko uporabnik kot parametre optimizacije izbere poljubne
spremenljive parametre vezja, ter jin eksplicitno ali implicit-
no omeji.

Uspeh posamezne optimizacijske metode je v veliki meri
odvisen od primernosti zadetnega poskusa. V vec optimiza-
cijskih tekih nad isto kriterijsko funkcijo je zato smiselno
preiskovanje vedno drugega dela parametrskega prosto-
ra. Tako naj se zacetni poskus novega optimizacijskega
teka nahaja vedno tam, kjer do tedaj parametrski prostor

Se ni bil preiskan. Z vsakim naslednjim optimizacijskim te-
kom je na ta nacin pridobljenih ve¢ informacij o kriterijski
funkciji, ki je glavna neznanka vsakega optimizacijskega
postopka. Tako je klasi¢en optimizacijski postopek preob-
likovan v ves optimizacijskih tekov, ki so med seboj pove-
zani z vsakokratno ustrezno izbiro zacetnega poskusa.

V delu je raziskan problem dolo¢evanja novega zacetnega
poskusa posameznega optimizacijskega teka. V enodimen-
zionalnem prostoru je pokazana relacija med verjetnostjo
nizke vrednosti kriterijske funkcije v neki tocki, ter gostoto
ze dolocenih tock in vrednostjo kriterijske funkcije v njih.
Ob predpostavki, da je kriterijska funkcija v okolici ze
doloc¢enih tock realizacija limitiranega naklju¢nega koraka-
nja, je izpeljana povezava, ki podaja najboljSo izbiro nove-
ga zacetnega poskusa v odvisnosti od oddaljenosti od ze
znane tocke in vrednostjo kriterijske funkcije o njej. Odvis-
nost velja blizini vsake izmed Ze znanih to¢k. Sklepa, ki ju
navaja izpeljana odvisnost, sta posplo$ena na vecdimenzi-
onalen prostor. Verjetnost nizke vrednosti kriterijske funkc-
ije je temvedja, ¢im vedja je oddaljenost od ze znanih tock,
ter je vecja v blizini tock z nizjo vrednostjo kriterijske funkc-
ije. Na njuni podlagi je dalje razvit hevristicen postopek za
dolo¢evanje novega zac¢etnega poskusa naslednjega opti-
mizacijskega teka. Pri tem so upostevane vse informacije
o poteku kriterijske funkcije pridobliene s predhodnimi
optimizacijskimi teki. Razvit postopek v povezavi z veé op-
timizacijskimi teki najde ve¢ lokalnih minimumov, ée jih kri-
terijska funkcija ima.

Vse implementirane metode, in tudi samo optimizacijsko
orodje, so bile preizkusene na primerih, tako na matem-
aticnih, kot na povsem realnih vezjih. Do tega trenutka,
zaradi neobstoja splosnega optimizacijskega orodja, v lit-
eraturi ni zaslediti prakticnih primerov optimizacije elektron-
skih vezij, ki niso resljivi analiti¢no, ali so ved kot le nekaj
dimenzionalni. V primerih, navedenih vtem delu, so v real-
nem svetu med seboj primerjane razlicne optimizacijske
metode. Uspesnost posamezne metode se ne meri le v
Stevilu potrebnih iteracij za resitev, oziroma v hitrosti kon-
vergence, ampak tudi v robustnosti posameznega postop-
ka. Tako se izkaze, da kriterijske funkcije v realnih primerih
niso vec lepe zvezne. V najboljSem primeru so posejane z
rahlim numeri¢nim Sumom, ki je posledica postopkov racu-
nalniske analize vezja, ter izracunavanja kriterijske funkci-
je. V taksnih okolis¢inah se je izkazalo, da hitri gradientni
postopki navadno odpovedo, medtem ko direktni postopki
dajejo boljse rezultate. Na primerih se je tudi pokazalo, da
ima najboljse latnosti med implementiranimi postopki me-
toda omejenih simpleksov.
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Naslov naloge: Optimizacija konfiguracij dinami¢no pro-
gramirljivih vezij

Avtor: Hubert Frohlich

Mentor: prof. dr. Baldomir Zajc, univ. dipl. el.

Univerza v Ljubljani, Fakulteta za elektrotehniko

Tehnologija vezij FPGA je zelo uspesno prodria na vsa po-
droc¢ja nadértovanja digitainih sistemov. Vse odkar se je po-
javil nov pristop pri nacrtovanju z vezji FPGA, ki ga imenu-
jemo dinamic¢no reprogramiranje, se vedno vec¢ raziskoval-
cev in inzenirjev ukvarja z nacrtovanjem sistemov z di-
namicno reprogramirljivimi vezji.

Medtem ko so prednosti dinami¢nega reprogramiranja, se
posebno ob uporabi delne reprogramirljivosti, ze znane,
pa smo Se precej dale¢ od tega, da bi nacrtovanje di-
namocno reprogramirljivin sistemov postalo rutina. Tu sta
pomanjkljivi predvsem metodologija nacrtovanja in program-
ska podpora. Vsi objavljeni rezultati s tega podrocja opisu-
jejo delo ro¢nega nacrtovanja konfiguracij. To je zelo za-
pleteno, se posebno ¢e uporabljamo delno repro-
gramirljivost.

Dinamicna reprogramirljivost ima veliko prednost pri real-
izaciji vezij. Najpomembnejse so fleksibilnost na nivoju
arhitekture, cenejsa izvedba sistema in v dolo¢enih primerih
hitrejse delovanje. Vendar vse te predanosti niso brez cene.
Cena, ki jo placamo, je ¢as rekonfiguriranja programirljivih
vezij, kilahko, ¢e je predolg, naredi cel sistem neuporaben.
Zato je eden od velikih problemov pri nacrtovanju dinami¢no
reprogramirljivih sistemov prav rekonfiguracijski ¢as.

Cas rekonfiguracije lahko skrajsamo na nivoju vezij FPGA
(hitrejSa vezja, boljsa arhitektura) ali pa na nivoju nacrtovanega
vezja (rekonfiguriramo &im manjsi del vezja). Pri drugem
nacinu moramo izrabiti delno programirljivost vezij.

Namen te disertacije je razviti metodo za minimizacijo re-
konfiguracijskega ¢asa na nivoju vezja. To pomeni avtomat-
sko odkrivanje ¢im vecjih skupin delov vezij, kar lahko nadr-
tovalec s pridom uporabi pri snovanju sistema, saj je ta
postopek naporen, dolgotrajen in zelo podvrzen napakam.
Z avtomatizacijo bi ga skrajsali in moé&no razbremenili nacr-
tovalca.

Ce #elimo razviti metodo za iskanje najvedijih skupnih delov
vezij, moramo ta vezja predstaviti v obliki, ki bo primerna za
obdelavo z racunalnikom. Najbolj naravna predstavitev vezij
je zusmerjenimi grafi. Tudi mi smo uporabili to predstavitev.
Problem predstavitve digitalnih vezij z usmerjenimi grafi pa
je ta, da lahko vezje predstavimo samo na nivoju logiénih
vrat, kar pa ni dobro, ¢e vemo, da bodo taka vezja realizira-
navvezjih FPGA. Ce iséemo skupne dele vezij, bi pri pred-
stavitvi na nivoju logi¢nih vrat lahko prisio do resitev, ki jih
ne moremo realizirati, saj bi skupni del vezja lahko vseboval
del nekega vezja, kije v vezju FPGA nedeljiva celota. Take
resitve torej ni mogoce realizirati. Primer takega nedeljive-
ga bloka je staticna pomnilniska celica (D-flip flop), ki gav
grafu predstavimo na nivoju logiénih vrat.
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Da bi resili problem predstavitve vezij z usmerjenimi grafi
zavezja FPGA, smo uvedli nov tip vozlisé, ki jih imenujemo
virtualna vozlisca, saj v resnici ne predstavijajo dejanskega
vezja pac¢ pa samo vhode, funkcijo in izhode dolocenega
podvezja, ki pri realizaciji z vezjem FPGA ni deljivo. Izkaza-
lo se je, da taka predstavitev vezja prinasa Se eno pred-
nost. Taje, dalahko v predstavitev vezja z grafom vnesemo
hierarhijo. Tako lahko podvezja, za katera vemo, da so siv
obeh vezjih enaka (na primer sestevalniki, mnozilniki), pred-
stavimo kot nedeljive celote in jih optimiziramo. S tem zmanj-
samo stevilo vozlis¢ grafa in tako pohitrimo optimizacijo.

Iskanje najvedjih skupnih delov vezij pomeni iskanje naj-
vecjega skupnega podgrafa. To pa je problem, ki je NP-
poln, kar pomeni, da zanj ni znan algoritem, ki bi resitev dal
v polinomskem ¢asu. Zato moramo iskati resitve na dru-
gacen nadin, z nedeterministi¢nimi metodami, ki so se ze
do sedaj zelo obnesle pri reSevanju problemov, katerih
racunska zahtevnost je eksponentna ali celo super ekspo-
nentna. Za reSevanje problema iskanja najvedjega skup-
nega podgrafa smo uporabili genetski algoritem.

Genetski algoritem je samo predpis, kako iskati resitev. Pri
uporabi genetskega algoritma je naloga uporabnika, da
razvije ustrezno kodiranje resitev, zasnuje genetske opera-
torje in kriterijsko funkcijo. Najvedji problem pri tem pred-
stavljata kodiranje in krizanje, saj morata izpolnjevati
posebne pogoje, da bo genetski algoritem dobro deloval.

Uvedli smo kodiranje, ki vsako resitev zapise z nizom, ki je
dolg toliko, kot ima vozlis¢ manjsi od grafov, ki ju preisku-
jemo. S tem smo moc¢no zmanjsali zahteve po velikosti
pomnilnika, saj bi bila predstavitev z matrikami precej bolj
pozresna. Tudi operator krizanja in kriterijsko funkcijo smo
zasnovali tako, da je ¢asovna zahtevnost algoritmov s kat-
erimi so realizirani, polinomska.

Pri testiranju s testnimi grafi se je pokazalo, da dobimo 80
- 85% skupnega podgrafa zelo hitro, za boljSe resitve pa
ie potrebno daljse izvajanje algoritma. Rezultati so moc&no
odvisni tudi od velikosti populacije, kar pripisujemo kombi-
natoricni naravi problema in dejstvu, da je optimizacijski
prostor ogromen.

Vsi rezultati so bili doblien na raéunalniku PC s procesor-
jem Pentium |l - 450 MHz, 128 MB RAM, Windows 95.
Program je bil napisan v programskem jeziku C + +.

V uvodu najprej opiSemo trenutno stanje podrodja in pred-
stavimo dinamic¢no reprogramirljivost, ter njene prednosti.
V drugem poglavju nato podamo teoreti¢no ozadje, potreb-
no za opis resitve problema iskanja najvecjih skupnih
podgrafov. V tretiem poglavju opiSemo metodo za iskanje
najvecjih skupnih podgrafov in uporabo genetskega algo-
ritma v ta namen. V tem poglavju podamo tudi rezultate, ki
prikazujejo odvisnost delovanja genetskega algoritma od
kiju€nih parametrov. V éetrtem poglavju pokazemo, kako je
mogoce metodo iskanja najkrajSega ¢asa rekonfiguracije
prevesti na metodo iskanja skupnega podgrafa, v petem
poglaviu pa opisemo programsko orodje razvito za iskanje
najvecjega skupnega podgrafa in podamo rezultate.
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Naslov naloge: Grafi AND/OR za radunalnisko naér-
tovanje in testiranje integriranih vezij

Avtor: Alenka Zuzek
Mentor: prof. dr. Baldomir Zajc
Univerza v Ljubljani, Fakulteta za elektrotehniko

Nacrtovanje digitalnih vezij je podrogje, ki se zelo hitro raz-
vija in spreminja. V zadnjih dvajsetih letih se je Stevilo tran-
zistorjev na ¢ip povzpelo iz tisoé na ved deset milijonov. To
postavlja stalno nove zahteve za orodja racunalniskega
nacrtovanja (CAD) integriranih vezij {IC) v tehnologiji izde-
lave integriranih vezij VLSI.

Resevanje problemov nadrtovanja v tehniki VLSI zahteva
ustrezno podatkovno strukturo. V zadnjih letih so se, tudiv
industrijskih aplikacijah, uveljavile metode, ki resujejo prob-
leme racunalni$kega nacrtovanja in testiranja integriranih
vezij z binarnimi odloditvenimi grafi (BDD). Med temi so bile
najuspesnejse strukture urejenih binarnih odlogitvenih gra-
fov (OBDD). Za metode z odloditvenimi grafi nadeloma vel-
ja, da probleme resujejo ucinkovito in enostavno, &e je le
mozno zgraditi odlo¢itveni graf. Enostavnost resevanja je
posledica kanoni¢ne predstavitve logiénih funkcij z
odloc¢itvenimi grafi.

Probleme verifikacije, logi¢ne sinteze in testiranja lahko
preslikamo na problem Boolove izpolnljivosti. Ker je ta prob-
lem s pristopom odlocitvenih grafov ucinkovito redljiv in ker
se Boolove operacije s temi grafi izvajajo preprosto, so te
metode vgrajene v Stevilne algoritme za radunalnisko nacér-
tovanje integriranih vezij. Pristop z odloditvenimi grafi pa
ima dve poglavitni slabosti, in sicer obdutljivost na vrstni
red spremenljivk ter velika kompleksnost predstavitve
dolocenih pomembnih funkcij, kot so na primer mnozilniki.
Zato je potrebno iskati nove poti za resevanje problemov v
CAD VLSI.

V zadnjem ¢asu se kot alternativni pristop za resevanje
logiCne sinteze, verifikacije in testiranja z odlo&itvenimi grafi
vse bolj uveljavija strukturni pristop z grafi AND/OR. Grafi
AND/OR ne predstavijajo Boolove funkcije kanoniéno, tem-
ve¢ hranijo strukturo vezja (implementacijo) z Boolovim
skiepanjem. Ti grafi so se do sedaj pretezno uporabljali na
podrocju umetne inteligence, sedaj pa lahko uspesno re-
Sujemo tudi mnoge probleme ra¢unalniskega naértovanja
in testiranja vezij.

V pricujo¢em delu bomo podali natanéno primerjavo me-
tod z grafi AND/OR in odlogitvenimi grafi. Primerjava BDD-
jevin grafov AND/OR v naginu preiskovanja kaze na nasled-
njo pomembno razliko: odloditveni grafi temeljijo samo na
preiskovanju OR, medtem ko nova podatkovna struktura
uporablja preiskovanje AND/OR. Problem Boolove
izpolnljivosti lahko prav tako predstavimo z grafi AND/OR.
Zarazliko od BDD-jev grafi AND/OR ne predstavijajo funk-
cije kanoni¢no, vsebujejo pa informacijo o strukturi vezja,
kar je za mnoge aplikacije lahko zelo dobrodosio.

Razvili smo dve novi stati¢ni metodi za dolodanje urejenos-
ti binarih odlocitvenih grafov. Na podlagi analize grafa
AND/OR dolocita vrstni red spremenljivk, s katerim
dosezemo oz. celo presezemo rezultate, dobliene z di-
nami¢nimi metodami.

V doktorskem delu smo raziskovali tudi druge zmoznosti
grafov AND/OR za redevanje problemov na podroéju CAD
IC. Spektralni pristop je uporaben za mnoge probleme pri
resevanju sinteze, verifikacije in generiranje testih vzorcev.
Z grafi AND/OR lahko predstavimo funkcije v CAD, iz gra-
fov AND/OR izlué¢imo izhodno verjetnost, s katero lahko
izraCunamo spektralno informacijo. Prednost tega nacina
je, da se lahko hranijo tudi nepopolne funkgcije.

V doktorskem delu obravnavamo e tretjo in najdalj uve-
liavlieno uporabnost grafov AND/OR na podroéju CAD IC.
Znani algoritmi s podroéja umetne inteligence za delo z
graf AND/OR se zadnje desetletjie uspesno uporabliajo za
optimizacijo sekvenénega diagnosticiranja. V okviru dok-
torskega dela smo problem posplogili na vedizidne in
asimetricne teste. Pristop pa smo uporabili za mode! funk-
cionalnega diagnosticiranja sinhronih sekvenénih vezij. Za
celovito predstavitev uporabe grafov AND/OR na podrodju
CAD VLSIIC pav pricujo¢em delu opisujemo tudi resevan-
je optimizacije vezij na fizi¢énem nivoju.

Pricujoce doktorsko delo je raziskava podrodja ragunalni-
$kega nacrtovanja in testiranja integriranih vezij z grafi AND/
OR. S poznavanjem obstojeéih metod in razvojem lastnih
smo postavili temelje za implementacijo celovite resitve za
delo z grafi AND/OR za potrebe re$evanja razlicénih prob-
lemov na tem podrodju.

Naslov naloge: étudij procesov na fazni meji kovina/
polprevodnik in raziskave vpliva na elektriéne karak-
teristike Schottkyjevih struktur v sistemu AgAu/Si(111)

Avtor: Janez KOVAC

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

Delo, opisano v tej disertaciji, je nastalo z namenom, da bi
prispeval k razumevanju mikroskopskih vplivov morfologije
na nastanek fazne meje kovina/polprevodnik in na elektron-
ske lastnosti na meji. V ta namen sem na modelu fazne
meje preiskal interakcije med naparienimi kovinskimi plas-
tmi Au in Ag ter razli¢nimi morfologkimi fazami na faznih
mejah Ag/Si(111) in Au/Si(111), ki nastanejo pri povidanih
temperaturah. Iz fotoelektronskih spektrov Si 2p, Ag 3d in
Au 41, dobljenih z novim fotoelektronskim mikroskopom na
sinhrotonu Eletira, sem sklepal na sestavo, kemijsko stanje
in masni transport ter iz premika spektra Si 2p in valenénega
pasu na elekironske lastnosti razliénih faz. Njihovo struk-
turo sem dolocil z uklonom nizkoenergijskih elektronov.
Ugotovil sem, da na faznih mejah Ag/Si(111) in Au/Si(111)
pri temperaturi nad 400 in 600°C nastanejo 2D-faza in 3-
D faze, kivsebujejo kovino in so prekrite z zreagirano plas-
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tjo kovina-Si. Pri interakciji naparjenih plasti Au in Ag z raz-
licnimi morfologkimi fazami na faznih mejah Ag/Si{(111) in
Au/Si(111) sem ugotovil, da so pomembni procesi: vgrad-
nja atomov Au v urejeno 2D-fazo Ag/Si, zamenjava atomov
Ag vezanih z Si v zreagirani plasti Ag-Si z atomi Au, masni
transport med 2D- in 3D-fazami in mesanje atomov ali tvor-
ba kovinske zlitine v 3D-fazah. Potek teh procesov je odvis-
en od strukture in sestave posamezne faze, jakosti kemi-
jske vezi med Au, Ag in Si, prisotnosti nezreagirane kovine
in prostorske omejenosti kovinskih plasti. Elektronske last-
nosti valenénega pasu 2D-faze Ag/Siimajo polprevodniski
znadaj, medtem ko imajo 2D faza Au/Si in 3D faze kovin-
skega. Na fazni meji AgAu/Si(111) se elekironske lastnosti
spreminjajo skladno s sestavo in strukturo posameznih faz.
Na 2D-fazah Au/Siin Ag/Si sem dolocil visino Schottkyjeve
pregrade. Med eksperimentalnim delom sem sodeloval tudi
pri postavitvi vrsticnega fotoelektronskega mikroskopa na
sinhotronskem pospesevalniku Elettra, ki ga tudi opisem v
tej disertaciji. Mikroskop fokusira s kroznim Fresnelovim
uklonskim elementom svetlobo z energijo 200-1000 eV.
Njegova lateralna in energijska lo¢ljivost sta 150 nm in 0,3
eV in deluje pri tlaku okoli 5x107'° mbar. Obravnaval sem
stranske pojave, ki sem jih srecal pri svojem delu in so pove-
zani z veliko gostoto svetlobnega toka v goris¢u mikrosko-
pa kot so: lokalno segrevanje in elektricno nabijanje povr-
Sine, fotoinducirana redukcija oksidov in kontaminacija povr-
Sine z ogljikom. Predstavijen je postopek korekcije dobljenih
slik v mikroskopu zaradi vpliva topografije na neravni povr-
ini. V delu je podano tudi fizikalno ozadje sinhotronskega
sevanja, ki kaze na njegove lastnosti, ki smo jih uporabili
pri postavitvi fotoelektronskega mikroskopa.

Naslov naloge: Izboljsanje elektromagnetne zdruz-
liivosti nakljuéno moduliranega usmernika s korekci-
jo faktorja moci

Avtor: Franc MIHALIC

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

Z uporabo vezij za korekcijo faktorja moéi (pretvornik nav-
zgor) lahko v enofaznih usmernikih dosezemo faktor moci
blizu 1. Po dugi strani pa zaradi visoke stikalne frekvence
pretvornika navzgor nastajajo elektromegnetne motnje
(electromagnetic inference - EMI) tudi v radijskem frekvenc-
nem podro¢ju. V tej disertaciji je opravijena Siroka frekvenc-
na analiza usmernika s korekcijo faktorja moci krmiljenega
z obi¢ajno (deterministicno) in nakljuéno pulzno Sirinsko
modulacijo (PSM). Meritve v nizkofrekvenénem podrocju
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so pokazale, da je vpeljava naklju¢ne PSM prispevala k
povecanju skupnega harmonskega popadenja (total har-
monic distorion -THD) za manj kot 1%, medtem ko se fak-
tor moci usmernika ni bistveno poslabsal (ostal je vecji od
0.9981). Z uporabo teorije o nakljucnih procesih je bila
izvedena estimacija spekira mocnostne gostote (power
spectral desnsity -PSD) vhodnega toka usmernika, da bi
ugotovili vpliv nakljuéne modulacije pri vigjih frekvencah.
lzveden je bil tudi optimizacijski postopek parametrov v Mat-
labu za Welch-evo metodo estimacije (ocentive) PSD. Ver-
ifikacija ocenjenih rezultatov z meritvami je potrdila v za-
Getku postavijeno tezo o izboljsanju elektromagnetne
zdruzljivosti usmernika z uporabo naklju¢ne PSM. Konéno
potrditev teze je prineslo merjenje prevodnih motenj z in-
dustrijskim merilnim instrumentom. ki je potrdil skladnost
usmernika s predpisanimi standardi in obenem ovrednotit
prednost nakljune PSM pred obi¢ajno PSM. ta naloga
ponuja enostavno in udéinkovito (tudi cenovno) metodo ugo-
tavljanja prevodnih elektromagnetnih motenj.

Naslov naloge: Izmeni¢ni motorji kot servopogoni v me-
hatroniki

Avtor: Miran RODIC

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

V delu je opisan nov pristop vodenja asinhronskega motor-
ja po navoru in rotorskem fluksu brez uporabe senzorja
hitrosti. Glavni prospevek dela je uporaba nove strukiure
observerja rotorskega fluksa, namenjenega delovanju brez
senzorja hitrosti. Predlagani pristop se ukvarja s proble-
mom servopogona z asinhronskim motorjem brez senzor-
ja hitrosti, ki naj deluje pri nizkih in visokih hitrostih vrienja z
moznostjo hitrih sprememb hitrosti. Zamisel je realiziranaz
uporabo nelinearnega, od statorske frekvence odvisnega
ojacanija, ki rotorskemu observerju omogoca delovanje pri
visokih in nizkih hitrostih. Pri nizkih hitrostih preide obser-
verv zaprtoznacni nelinearni sistem, ki za vhode uporablja
statorski tok in napetost ter Zeleno vrednost rotorskega fluk-
sa, pri visokih hitrostih pa v dobro znan napetostni model
asinhronskega motorja s povratoznacno vezavo, ki izboljsa
lastnost observerja. Predstavljen je tudi algoritem za adap-
tacijo vrednosti statorske upornosti. Na ta nacin je obser-
ver nekoliko robustnejsi na spreminjanje parametrov. Delo-
vanje je prouceno in potrjeno s simulacijami in eksperimenti.

Pregled del sta pripravila R. Babic in I. Sorli



