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P R E D G O V O R

Podastvovan sam pozivom Dekana Elektrotehnidkog fakulteta u Banjalucl prof. drBranka Dokiia da budem gost urednik oy: sveske casopiia Electronics. naudnog gtasiia
Univerziteta u Banjaluci. Elektrotehlidki fakultet u Banjaluci je osnovan uz podrsku vi5euglednih profesora Eiektrotehnidkog fakulteta u Beogradu koji oc osnivanja pakglteta stainoili povremeno odrZavaju nastavu u Banjaluci iz predmeta red-ovnih i postdiplomskih studija.
Kvalitetom nastavnog kadra, udesiem u naudnoistraZivadkim prolektima'i ru.uo"io* ,upriwedom Elektrotehnidki fakuitet u Banjaiuci je stekao visok ugied visokoikolske i naudne
ustanove u Repubiici Sryskoj i Bosni i Hercegovini. Tom ugiedu je znadajno doprineo radFakulteta u oteZanim uslovima ratom zahvaceni zemlje.

U ovu svesku uvrstio sam radove poznatih autoriteta u oblasti elekfonike i njeneprimene u srodnim podrudjima. Prvi dlanak je skraiena verzija plenamog tuCu foan"tog naXT.II Konferenciji ETRAN-a od_rzanoj podetkom juna u vm;aetoi Banjl. R"d j; privukao
painju velikog broja udesnika Konferencije, pa ie otuda uskoro u celini biti Siampan kaobroiura u izdanju DruStva za ETRAN. Pet dlanaka su proSirene verzije radova po pozivu izapaLenlh radova podnetih na Konferenciji ETRAN-a. Ostali radovi su originlhi naudni
doprinosi koji se prvi put saop5tavaju strudnoj javnosti. 

a------

Nadam se da ie ovo izdanje dasopisa Electronics doprineti daljem poveianju ugleda
Eiekhotehnidkog fakulteta u Banjaluci. Zasluga za to pripaoa pr" ,*gu autorima rad.ova,
kojima se iskreno zahvaljujem. Bio bih ponosan ako ie moja-uloga [osta urednika bude
furnadiia kao moj doprinos tom ugiedu.

P R E F A C E

I have been honored by the invitation of the Dean of Electrical Engineering Faculfy
in Banjaluka Prof. Dr. Branko Dokii to be a guest editor of this issue of E/Jcffonics,Journai
of the University of Banjaluka. The Faculty of Electrical Engineering in Banjaiuka has been
founded by the support of many distinguished professoru fro* tlte Eacutty of Electrical
Engineering in Belgrade. Since the founding, these professors continuousiy or occasionally
teach graduate and postgraduate courses in Banjaluka. By the high qualiiT of educational
staff, participation in research programs, and cooperation with inAuitry, the Facully has
achieved a creditable reputation as the Highest School of Eiectricai Engineering in Serbian
Republic and Bosnia and Herzegovina. To these reputation significanily 

"onl*ibrrt.d 
th"

permanent work of the Faculty in difficuit conditions of the war-stricken country.
In this issue, I inciuded the papers by recognized researches in electronics and its

applications in related areas. First article is an abridged version of the plenary paper
presented at the XLII ETRAN Conference heid in eariy June in Vrnjadka Batrja. fne paper
has attracted the attention of many conference participants, and thus, in the near fufur", the
original version of the paper wiil be pubiished as a brochure by the Society for ETRAN. Five
articies included in this issue are extended versions of invited or outstanding papers
presented at the ETRAN Conference. Other papers are original scientific contributions that
are first time presented to engineering community

I hope that this issue of Electronics wiii contribute to a further growth of reputation
of the Facuify of Electrical Engineering in Banjaluka. Firsr of all, rierits beiong to the
authors of included papers to whom I am sincerely grateful. i wouid be proud if mv
engagement as the guest editor was understood as my contribution to this reputation.

l r
j

i

- l

M.R. Stojii



ELECTRONICS, VOL.2, NO. 1, SEPTEMBER 1.998

PRESENT TRENDS IN COI{TROLLED ELECTRICAL DRIVES

Slobodan N. Vukosavi 6, Schoot of Electrical Engineering, tlniversiQ of Betgrade

Abstract - In the past decade, electric drives with

electronic speed control were advantageously used in

inchrstrial applications, appliances and automotive field.
AC and DC motors in machine tools, industrial robots'

auton'tated presses. elevators, conveyers, rolling mills'

compressors, pumps, fans, electrical vehicles, cranes qnd

many other applications spend more than 2/3 of all the

electric energ/ produced in an industriqlized collntry.

Complex tasks of the process and the motor control are

performed with the help of high throughput digital

controllers and subminiature signal processors capable of

performing 103 operations per second' Thefrequency ofthe

pulse width modulation in the drive power converter

section is increasing steadily due to advancements in the

/ield of ltigh porver semiconductor switches. The increase in

the PWiul frequency offers faster response of the atrent

and torque control loops and improves the overall driv-e

performance.
fu{ost drive problems are already settled. Mature

technologt of electrical drives ofers widely accepted

soltttions for the porver converter topolog,t, basic control

algorithms and tnost of the drive functions. Therefore, no

significant chctnges in the drive stnrcture will take place in

the yectrs to cotne. A wiclespread use of controlled electrical

tlrh'es is printarilv lintired by the cost of the drive package.

Therelore, a sigittfcant research ef,ort is direcied totvards

motor and driv*e integratiot't, development of low cosi

intelligent polver devices and invention of reduced

topologies of the drive polt)er converter' The elimination of

the shaft sensor and tlte phase current sensors contribute to

the cost decrease, simplified cabling and an increlsed

reliabitiry of the drive. Sensorless drives call for the

cleveloptnent of robttst, nonlinear state observers and

parameter estimators capable of acquiring the information

on tlte clrive states that are not directly meqsured. The

inclirect state artd parameter evaluation bQsed on the

secotic{cuy phenotnena such as the slot harmonics, leakage

inchrctance mochtlation, ond the spatially distributed

sahration catt for a highly evolved signal processing and

tlle spectrlon estimation techniques. The problems of

sensorless drive realization ctttt'act attention of signifcant

R/D forces all ou-er the world.
High performlnce servo drives are exposed to an

ever increasing demand for higher response speed and

precision. The evolution of production technologt and

clevelopment of netv tool materials require the servo loop

bancfiviclths of wett above 200 Hz. Irnprovements in the

clri,-e c$;nantic response must go ,vith highly evolved

clecisiort ntaking fttnctions built into the drive soffivare

pctckctge. To shorten the installation, replacement and to

speecl ttp the procltrction process change, the drive should

be eclzrippec! with adaptcttion features, self contmissioning

prurirlr,ru, ancl the decision making'routines capoble of

replacing or eliminating the intervention of httman
operqtor.

This article outlines the status of technologt for.
the drive power convertels, motors, sensors, and conffol
algorithms and gives a brief overview of the trends and
perspectives in the field of digitally controlled electric

drives. Pointed out are the cutting edge applications tltat
incite further improvements of the drive performances and
the udvances in the motor and semiconductor technologt
that make such developments possible.

I. INTRODUCTION

From the beginning of this cenfury, eiectric drives

have been repiacing fluid power actuators and IC machines

in both high performance and general purpose applications,

the growth of elecrric drives application being determined

by the current level of technology. High reliability, long

lifetime, reiatively low maintenance and short starfup times

of electric drives are in consort with their ecoiogical

compatibiiity: low emission of poilutants, The quality of

eiectric drives is extended by a high efficiency, low no-load

losses, high overload capabiiify, fast dlmamic response, the

possibilit-v of recuperation, and immediate readiness for the

full-fearured operation after the drive starn:p. Elecrric drives

are availabie in a lvide range of rated speeds. torques and

power, they allow for a continuous speed regulation,

reversal capability, and they easily adap-t to different

environment conditions such as the explosive atmosphere or

clean room requirernents. Unlike the IC engines, electric

motors provide fcr a ripple-free, continuous torque and

secure a smooth drive operation. At present, elecffic drives

absorb 60-70% of ail the electric energy produced in an

industrial counn-y [ 1.2].
During the past nvo decades, the evolution of

powerful digital microcontrollers allowed for a full-digital

control of the elecffomechanical conversion processes

taking place in an electrical drives. The process automation

made significant progress in the fifties, thanks to the

introduction of numericai control (NC). Although not

flexible and fully programmable, NC systems replaced

relays and mechanical timers common on the factory floor

in the first haif of the csnfury. As the first reliable and

commerciaily available microcontrollers were made in the

sixties, they were advantageously used for the purpose of a

flexibie control of electric drives in production machines.

As from then, the hydraulic and pneumatic actuators

gradually disappear and give space to DC and AC electric

motors.
Although more robust and easier to produce than

the DC motors, the AC electric motors were mostly used in

constant speed applications and supplied ffom the mains f 3]

unti l the technological breakthroughs in the early seventies'
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It took the development of transistorized three phase general purpose and application specific digital drive
itrverters with digital PWM to provide for a variable Jontrollers are found nowadays .u"n in lommodity
tieqr'rency supply of induction motors. The invention of producrs. In most of high volume applications of digitallyIGBT transistors and high speed digitai controllers made contrclled electric motors, microcontroller executes both
the variable speed AC drives reliable and acceptable for the the drive control functions 115,16] and the appiication
drive market' Dunfoss in 1968. produced the legendary specific functions such as the handling of the washing,
\ / I  T  i  * p n t  t o - ^ . ,  ^ ^ -v La J rlsqusluv r.uuvsrter weighing 54kg, suitable for the rinsing and drying in the case of modern dishwashers and
speed reguiation of 4kw induction motors (recent versions i.vashing machines-. Compact digital controllers emulate the
of the same converter weigh 3.5 kg t4]) Among the first functions traditionally implemented in the analog form and
applications of variable speed frequency confrolled AC allow also the execution of nonlinear anJ compiex
drives 'uvere pumps' fans and compressors, where the speed functions that couici not haye been completed by analog
regu.lation feature eliminated mechanicai damping of the circuitry (ANN, noniinear estimators. ,p""t** estimation
fluid flolv and reduced the associated power losses and and others).
turbulence. For their increased reliability, low mailtenance, The vector control concept empowered the AC
and better characteristics, the frequency controlled machines to conquer the high performance drives market.
induction motors graduaily replaced DC drives in many of Although effective, both the IFoC and the DFOC strucrures
their traditionai fields of application. At this levei, the reign rely on motor pararnet€rs and exhibit considerable
of DC drives reduced to high speed servo appiications. sensitivity to parameter fluctuation | 1 7, 1 g]. Therefore, bot}

ln early eighties, the frequency controlled AC the DFOC and IFOC conrrollers must be equipped with
drives are widely accepted, but their prices stiii level those proper means for the parameter identification 1i+1 ut tt.
of DC drives. The cost of an AC drive package has a 307o instaliation phase (seif-commissioninc) tlgl and during the
motor+?}Yopowet converterstructure,whileinthecaseof drive reguiar operation [20] (on-iine tuning). Besides the
a DC drive the motor is worth 7A% oi the package cost adaptation routines, most appiications require high
f 1 ? l  T h e  n r i e c c  n f ^ ^Lr4r. rrlv yr,evr vr ywwer- and signal- semiconductors will performance digitai current control [2i] and on-lin" power
presumably decline, while the cost of eiectric motors rvill ioss minimization routines. Numerically intensive, such
remain iied to the copper and iron prices. For that reason. .algorithms require the use of fast transpu;r networks [9,22]
the AC drives have the perspective of decreasing the and digital signal processors within the drive control
package cost, evermore cheaper than their DC counterparts. secrion. Powerful and flexible, the DSp based drive
Further technoiogical improvements are likely to make the controllers l22l create the potentiai for significant
fi'equency controlled AC drives the cheapest actuators ever. performance increase through the application of ivanced
At present. in an indusn'ialized country the AC drives conrrol concepts L23,251. Highly evolved observers of rhe
substituce DC motors at a pace of 15% per year [1]. More drive states ailow reduction of the number of sensors. The
rhan 249'o of ihe drives are frequency controlled, while the drives with minimum number of sensors and the sha{t
remaining 80% operate at a constant speed. sensorless drir,es are more robust and reliable than their

The AC drives were used in high performance sensored counterpans. The iack of sensors and associated
applications only after the development of the field oriented cables makes the drive cheaDer and the installation simpler
control concepf. Follorving the infroduction of space vectors and i'aster. In the developmenr phase are the advanced
[6], direct (DFOC) and indirect (IFOC) field orientation parailel confiol structures such as the direct and incremental
confrol strucrures were devised, also knolvn as the vector torque conn'ol (DTC, IncTC) that make the use of a large
coutrol [7,8]. Although invented in sixties, the vector numerical throughput to implement a non-cascade control
conffoi concept was put in use cniy some twenry years larter concept thereupon augmenting the response speed and
11 1] overall drive dynamic performance.

Fig.I Bas ic functions of the feedback signal acquisition
and the control of the power conversion process in a

typical induction motor electric drive.

Numerically intensive, vector control structures
required high-throughput 16i32-b digital controllers and
signal processors [13]. Aside from high performance drives,

2. ECONOMIC IMPORTANCE OF DIGITALLY
CONTROLLED ELECTRIC DRIVES

The number of generai purpose drives instalied
each year considerably exceeds the number of new high
performance servo drives. According to Frost & Sullivan
Market Intelligence data for 1997, 52.7y' of new drive
installations in U.K. used Tesla's induction motor, some
33.7% were the DC drives, while the remaining 13.970
corresponds to fluid po."ver and other non-electric actuators.
According to the same source, the AC drive growth in 1998.
is predicred to be 3.9%o. Market analysis performed 1994. in
North America show that more than 90o/o of the motor units
are in the fractional horsepower range (P < I HP). Most of
the FHP motors produced in the U.S. are the universal or
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single phase motors, Tesla's induction motor is less diffused

tha; i; Europe. Each year. some 550 x 106 general purpose

FHP rrotors are produced in U.S. with the total value of

$6.1 x 10e. The nurnber of high performance drives

produced each year is ^much lower, but their value in the

U .S .  $  reach  $1 .06  x  i 0 'Pe rYea r .

in Europe, the three phase supply is much more

accessible than in the U.S., which rouses frequent use of

Tesla's induction motor. AC motors above 75kW account

for 29"/o of European amual production. the motors rated

7.5 - 75kW correspond to 31o/o and the induction motors

below 7.5kW are worlh the remaining 40%. The AC drives

expansion to home appiiance field is sluggish due to

extraordinary iow prices required by the market' The

production cost of electronic speed controlied AC drives

ranging 0.5 - 1 kW must drop below $20 threshoid for the

final products be competitive to their open-loop

counterparts. With the present growth rate, this might

happen in 2001 .-2002.
The growth of high performance drives depends on

the investments in new production sites' RID efforts and

production of servo drives take place in highly

industrialised countries: Japan and Germany make each

25% of the world production of industrial robots and

machine tools, while China produces more than20%:o' Frost

& Sullivan report on amual high performance drives growth

of 5Yo in Europe, whlle Mation Tech Trends study predicts

the servo drives sales in the U.S. to grow up to $ 4-5 x 10'

in the year 2000. More than 52Yo of high performance

drives employ Tesia's induction motors. the step motors are

used in 4.2% of the cases, the DC servo motors covet 22o/o

of the market, while the permanent magnet sy'nchronous

motors account for some 2Ao/o of the market. Relatively high

cost and low volume of high performance drives make their

developrrent relatively slow with respect to general purpose

drive. Lengthy and expensive R/D efforts restrail the servo

drives design and production to few highiy deveioped

industrial ised counffies.

3. CLASSIFICATION OF CONTROLLED

ELECTRIC DRIVES

Digitally controlied electric drives may be ranked

according to the application, characteristics, voltage and

power range, and the power converter topology. Five basic

categories may be distinguished: i) High performance servo

drives; ii) General purpose drives; iii) Electronic speed

controlied drives in homes, offices and automotive

applications; iv) Medium voltage high power drives; and v)

Electric propulsi on appiications.

The article discusses the problems and future

trends in each gtoup of electric drives- Particular attention

is paid to the motion control algorithms and to the

developments in tire power conversion control' Specific

influence of an ever increased number crunching capability

of modern digital controllers on the drive controller

structures is probed deeply. Performance enhancements of

semiconductor power switches are outlined and their

i, SEPTEMBER i998

influence on the drive converter topoiogy and

characteristics is briefly analyized. Finally' the needs and the
possibilities are outlined for a digitally controlled drive to

assume versatile adaptation and self -commissioning

features 133,341, reducing in such a way the need for the

operators intervention in both the installation and reguiar
operation phases.

4. GENERAL PURPOSE ELECTRIC DRIVES

General purpose drives are mostly used in PumF,
fan and compressor appiications (PFC) in industry and the
heating, ventilation, and air conditioning (HVAC) systems
in home and office buildings, and other non-servo industrial
and domestic applications. The workhorse of these

applications is Tesia's induction motor accompanied by the

IGBT three phase inverter. Fast response ofthe speed ioop
is generally not required. Majority of applications require
only a relatively siow speed adjustments to the process
needs, and the motors are usually installed without the shaft
sensor. Response ofthe speed loop can be siuggish, yet the
drive is expected to provide the speed regulation in a wide

range. The drive controlier task is providing the stable
operation at very iow speeds, characterized by the supply
frequencies below 1 lPrz. At he same time, it is essential to

support the field weakening operation up to the speeds
exceeding the rated one by 2-3 times. Preferred drive
characteristics are high efficiency, environmental
friendiiness, high starting torque, iow maintenance, large
mean time between failures (MTBF), simplicity of the
installation, commissioning and a low cost of the drive
package. Speed sensorless operation is essential for many
reasons. The shaft sensor usage increases the system cost.
decreases reliability and makes the cabiing more complex.
Moreover, sensored drives must use non-standard motors.
since all the general purpose, series produced induction
motors i:rclude no shaft sensors nor the means for the sensor
installation. A variety of different schemes for speed
sensorless operation of Tesla's ilduction motor have been
proposed in the past decade. Most of them ensure a very
good dylamic performance in a fairiy large speed range'

Fig.2 Speed controlled indttction motor drive used in a

Passenger elevator

SPEEB CONTROLLED
INDUSTION MOTOR
DRIVE IN AN ELEVATOR
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However, at low stator &equencies, performances

notably deteriorate. The motor fiux linkages cannot be
directly measured. Instead, the states of interest are derived
fi'om the ntotor terminal quantities by means of motor fitted
noniinear state observers al.ld estimators. The inforrnation
on the nlotor flux is contained in the stator voltages as the
back electromotive force. As the supply frequency drops
down towards zero, the stator resistance voltage drop
prevails in the tenninal voltages making the flux derivation
more difficult. The stator flux estimation is particularly
sensitive to an inaccurate stator resistance vaiue in the
estimation model. This inaccuracy causes estimation errors
both in the amplitude and the estimated angle of the stator
flux vector. The flux error and variations of other machine
paran.teters continue to impair the accuracy of the estimated
mechanical rotor speed, particularly under load. The crucial
parameler for the speed estimation is the rotor resistance,
while a detuned value of the leakage inductance affects the
flux and speed observers and estimators onl1, 1o a limited
extent. Lacking a conventional speed estimator with
adequate perfonnances, the siraft speed ofTesla's inductjon
motor may be derived relying on secondary effects and the
n.)otor imperfections such as the spatial distributed
saturation and the slot induced harmonics in tire motor
tenninal quantities. The speed extraction based on the
evaiuation of rotor siot harmonics does permit very precise
estimation in the steady state, but lacks the possibiiity of
tracking fast changes in the rotor speed. Hence. the
sensorless drive with the slot harmonics feedback is bound
to have a poor dynamic performance. This is due,.to the very
low number of rotor slots normally encountered in induction
machines, ri, ir ich imposes severe bandwidth restrictions on
rhe obtained speed signal. An accurate speed signal is
exn'acted, u'hich serves for model parameter tuning. This
method requires considerable computing power. which
iniribits implenentation in standard microconfro.ller
hardware. For this reason, most authors propose the
additional, slot harmonic derived information be used for
the parameter adaptation pu{poses. Provided colrect values
of the motor paramet?rs, DFOC controller will secure the

flux, torque and the speed controi in all the generai purpose

drives operating modes.

5. LOW COST DRIVES IN HOUSEHOLD AND

AUTOMOTIVE APPLIANCES

Many commodify products demand the motion

conffol functionality. Some of them are the vacuum

cieaners, washing machines and dish washers. Simiiar
characteristics and the power range have the auxiiiary drives

in the automotive fie1d. The servo steering, motorized

windows, automated seat adjusflnent and active suspension

systsms require iow cost, robust and reliable electric drives.

Having the cost reduction as the primary goal, significant

research resources are assigned to development of simple

converter topoiogies 126,291, new tvpes of eiecfric motors

[2i] and algoritllns for the sensorless speed control [28].
Among other requiremenls, electric drives in

household and offrce appliances are expected to be

1, SEPTEMBER I998

environmentally friendly; low thermal, acoustic anC
electronragnetic emissions are forced by governmenr
regulations and international standards. The level of the
electronragnetic interference strongly depends on the porver
section iayout and might be improved by the intr-oduction ol
newly developed power switches with sparially distributed
lifetime control (CAL). At the same time. the cost reducrion
of the power switches would give a strong incentive to a
more frequent use of electronic controlled drives in the
a ^ ^ l i . - ^ .  f i - l . lq v p r r a r r v v  r r L t u .

Power semiconductors are used within the drive
converfer for accurate control of the energy flow between
the power source (i.e. the mains) and the motor. They have
extremely short response times and iow dissipation. The
dramatic developments in IC technology, particularly
during the last ten years, have made possibie the design of
modern, self-protected components, with simple, lowioss
drive characteristics, wide dynamic control range, switchilg
porver ievels up to the me,qawatt range, and a direct inter-
face to microelectronic systems.

6. TRACTION DRIVES

Electric propulsion of autonomous, battery supplied electric
vehicles (EV) such as the electric cars and buses require
efficient, robust and light weight drives with fasr and
accurate traction effort response. The EV drive controllsr
habitually encompasses the rneans for suppression of
resonance modes in the fransmission anci the vehicle
mechanical parts [29]. Simple constmction of Tesla's
induction motor with the squirrei cage rotor makes it an
ideal candidate for advanced traction motor designs such as
tire linear motor (LIM) and the tubular axle induction motor
(rArM).

7. LARGE POWER, MEDIUM VOLTAGE DRMS.

Large power AC drives are found in rolling milis, petroleum
iridustry, water supply and many other applications where
the rated power exceeds 300 kV/ and the nominal stator
voitage faliing into the medium voltage range (2300, 4160
or 6600 V) [30-32]. The rnain problem in this class ol
electric drives is the design of controlled three phase
variable frequency source in the megawatt range. Until
recently, the variable frequency, medium voitage drives
were not avaiiabie due to the absence of high voltage
semiconductor power switches. The need for the economic
use of energy, miniaturization of electrical systems, and
reactive power compensation have been the motives for the
revolutionary deveiopment of high voltage, high current
power semiconductors. For their high power rating, Gate
turn off thyristors (GTO) are considered the main switching
device for the construction of multi-level high pou,er three
phase inverters. The power iosses occurring in the GTO at
turnoff iimit the GTO's normal operating voltage to the
range from 3A b 40oh of the breakdown voltage, thus
iimiting the dc-link voltage of a conventional GTO inverler
ro 1500-2500 V.
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Fig.3 Tke three phase power converter for a 500 k I/ AC motor drive-

High-power inverters with dc-link voltage up to

4000 V and existing GTO's carulot be made with

conventional six-switch topology. Several converter

configurations for tlre realization of a large capacity inverter

rvith more than 4000 V dc-link voltage are possible. One of

them is the six-switch configuration with each of the

switching eletnents being made out of several series

connected GTO's. However, the direct series connection

method of GTO's lras tlte problem of blocking voltage

unbalance during turn-off transient, due to the different

turn-off characteristics of each device. Whenever additional

equipment is used to overcome this problern, the overall

system becomes more complex and expensive. Besides the

circuit coinplexity, a lirnited switching fi'equency of GTO's

causes large harmonic components of the output voltage and

current. Split DC-link voltage tfuee-level converter

topologies configurations are being developed for the large

capacity invefiers, capable of solving the above mentioned

problems. Appreciable research effort is devoted to

switching rules for a multi level inverter capable of reduciug

the cornurutation stress while maintaining at the satle tirne

an acceptabie ripple amplitude and the spectral content of

the output current.

8.  BASIC CHARACTERISTICS OF HIGI{

PERFORMANCE DRIVBS

High performance servo drives are used in production

macirines, machine tools, industrial robots, autotnated

presses, and many other applications- where the speed and

position control loops are indispensable' Most frequently

used are the AC inductiou and the permanent tnagnet

synchlonous motor drives t5],t14] with the rated power

ranging fi'om 50 W to 200 kW. Required bandr'vidth of the

torque, speed and the position loops is roughly lkFlz,

200YIz and 60Hz respectively. Every year, the number of

lrigh performance DC drives increases by 3% while tlre
annual growth olAC servo drives exceeds l2o/o.

9.  TI IB PROBLEMS AND DI,VELOPMENT TRBNDS
OF MOTION CONTROL ALGORITHMS

The structure of a typical motion control systenr

includes two basic types of control functions:

i) 'External loop' dedicated to the mechanical subsystem

wlrere tlre speed control, position tracking and multiple axis

synchronization functions are executed. The servo motor is

considered the torque actuator with a response tiure much
faster than the mechanical subsystem dynamics;

i i) ' lnternal loop' handling tlre motor flux and Lorque

control, with the drive power converter used as an actuator

and the motor electt ' ic subsystem as the plant to be

controlled. Control objective is rnaking the electromagnetic

torque and tlre flux linkage track the reference values

irnposed by the master'(external) loop.
The internal loop is motor dependent and changes

as a differenlt type of servo actuator is used. The vector

controller is the most frequently encountered controller for

AC servo drives with the paranieter sensitivity being the

rnain unresolved problern. On the other hand, the external

loop copes witlr moving the production machine tools and

parts in the work space with ever higher speed and

precision. The main pro.bleins of the external part of the

rrrotion controller are ,the transrtrission imperfections, the

torque ripple, cotnpliauce and mechanical resollallce

problems, as well as rapid changes in the motion profi les

and the mechanical pammeters of the systern.
Variable structure systems ensure sufficient

robustness and guarantee the reference trajectory be reached

low leakage
in<luctance
bus-bars

ovcrvoltage
protection
capacitors

DC-l ink capacitots
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\yhatevel' the init ial conditions. FIowever, sustained
oscil lations and a'pentranent driving force chatter exist even
in the steady state, producing a periodic space error and
nraking the VSS inadequate for most motion control
applications. Nonlinear llature of fuzzy control structures
suslains soute of the VSS controller robustness and
suppfesses the chattering problern. Based on Zadeh-s set
theoly [3li], I lzzy contlollers are inherently suboptirral.
Even though, in some applicptions [37] they can permit
significant i lnprovements in tlre servo loop response tirne.

Airrling at an increase i6 both the operation quality and
the production volune, recent production machines require
the servo loop bandwidths sr-rrpassing 200llz. Major
inipetus to the servo performance increase is the torque
ripple of the servo motol', the irnperfection of position
sensot', transt.nission dynamics, nonlinear friction and
unpredictable cufting resistance. All of deficiencies
mentioned above are detenninistic and cyclical in nature,
some of them having the spatial periocl relative to one ntotor
tr.rrn, aud the others repeating the sarne way within each
operating cycle. In essence, the said disturbances may be
pledicted and compensated for, elirainating in such a rvay
the associated space tracking error. Many of distr-rrbance
corrponents (such as the torque r ipple [a3J)  are nonl inear
lirrictions with multiple argurreltts, such argunrents beirrg
the states of both the electrical ar"rd rnechanical subsystem.
In raost cases, disturbance plediction functions depend on
the operating point, ternperature and cliar.rge in time due to
the rvare and other factors. Consequently, disturbance
predictor rnust be a very complex function with some self
learning i 'eatures built into the strlrcture. Good results are
achieved by the application of artif icial neural net, 'vorks
(ANN) [39,40,41]  equipped wi th an on- l ine le- t ra in ing
nrechanism. Unpledictable in itsell, an ANN is hardly used
1'or t lre operation crit ical tasks. Rathel than that, productiorr
nracli ines ernploy the ANN fol acivanced secorrdaly
flnctions such as the rnonitoring, diagnosis, recognition of
specific defects, slow adaptation and similar. In recent t ines

[42], some authors have proposed tlie neuro-fuzzy rnatclt for
the position tracking tasks, expecting the ANN-firzzy
rnarliage to bring both the fuzzy robustness and the ANN
advanced self learning and adaptation features into the
servo lool ) .

10.  ELECTIUC SERVO DRIVBS IN AUTOMATEI)
PRODUCTION MACFI INES

Posi t ion and speed contro l led servomechanisms exhib i t

a sigrri l icant gror.vth in tlte past yeals. Frou 1994. to 1997,

the value of servo actuatol's prodLrced in Germany increased
fioni 203 x 10e DM to 264 x lOe DM. This growth is

folloled by the introductiou rjf new production

technologies such as tl ie pressurized injection molding ,
rvate l  bearn and laser  crr f l ing lnacl l ines.

Development of new tool nraterials allows for atr
increased culting speeds. In lurtt, the spindle drives are
lequiled to reach tl ie rotation speed above 50.000 rpm witlt
the rated power of 10 - 20 kW. The tool servo axis and fhe
n.ranipulator drives are expected to track desired trajectory
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witlr the top speed well above 100 m/min and the precision
better than 0.2 - | prm. Particular cases, such as the hard
disk drive production lines, require tracking error inferior to
10 nm and use piezoelectric actuators.

Fig.4 A typical feed drive application.

Tlie main problem of tracking the exact tool
position is the variable cufting resistance of the material. To
suppress the space erors, position control stiffiress of 100-
1000 Nh is required in most of the cases. In some
applications, such as the automated tool production and the
diarnond cufting, necessary stiffness might reach 10000
N/m, which cannot possibly be achieved by hydraulic and
pneumatic actuators and the employment of high
performance AC servo drives is required.

Many production processes require mixed force-
position control in some phases of the production cycle.
Industrial manipulators that clutch and move the objects
lnust include a superimposed force control loop, in
particular when grabbing and holding fragile objects l ike
crysta l  g lasses [35] .

Secondary force control loop is needed for the
pLlrpose of stabil isation of human-like robots, which
generally involves the installation of additional force and
position sensors as well as the use of acceleration observers.
Pelfornrance improvement of existing linear and rotary
sensors and design ofnovel solutions attract the attention of
many research engineers in the motion control field. The
sales of position sensors alone have reached $1.7 x 10e in
the U.S. Standard solutions include potentiometers, LVDT

{linear displacentenl to analog out), resalvers, tachometers
and optical encoders.

New-sprang position sensing techniques include
interl'erometer-based devices with the FIe-Ne laser.
According to recent reports, the laser sensors reach the
resolution of 5 run with 500 nm repeatability. Relatively
expensive, t l ie laser position sensors are used mostly in high
product iv i ry  laser  cut t ing machines where the sensor cosl  is
not a hurdle. Among conventional sensors, the optical
encoders are the most precise but still affordable solution.
Disadvantage of absolute and incremental encoders is the
terllperature sensitivity of their photo sensitive
semicondnctor devices. In production machines, the
operating temperature fi'equently exceeds the l25oC limit,
t lrLrs precluding the usage of optical encoders. Position

knife activation
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lreasurentent in dusty and oil contaminated envirolttnent is

l'requently performed by industrial calneras with dedicated

frnm" grubbers and associated intage processing routines'

Along with fast and precise position tracking'

servo drives are expected to sLlpport the high speed digital

con-rmunication protocols on the factory floor level' The

CNC, ,"nrors and servoarnplifiers need the information

exchange in both the installation and running phases' Fast

serial link between the communication nodes allows for an

easy, noise free interchange of the reference and the

feediact< vaiues, inspection and change of control

parameters, and flexible monitoring and diagnostic features'

11. LINBAR ELECTRIC SERVO MOTORS

Most of the operatiotts of atr atttotlated productiott

rlachine involve linear translation of machine parts, work

oieces and tools' On the other hand, colmnon electric

inotors are rotary electromechanical converters producing

t l r e to rquea t t l r eou tpu ts l ra f t ' T ransmiss io r rmec l ran i s t1 rs
such as the rack and pinion, ball screw and gear systems

convert the rotary into linear motion. Dly frictiotl, backlash,

elastic coupling and the torsional resonauce intrinsic to all

the rotary - to - linear transducers severely lirlit the servo

loop bandwidth.
Relatively large rotational masses constlain the

oeak acceleration of the system. On the other hand, large

Lquivalent inertia fi l ters out the torque ripple and the

crJa'tizatio' excited +/- I LSB torque chatter, alleviatitrg in

such a way the tracking error. Iurperfection of the

transmission mechanism lray be eliminated by the

a p p l i c a t i o r r o f d i r e c t d r i v e c o n c e p t w i t l r l i r r e a r e l e c t r i c
*oto.r. As the tolls are coupled directly to the tnotor

n-roving parts, the problems of mechanical resonatrce exist

no trroi.- The absence of rotational fflasses results in a much

larger peak acceleration of the overail systelx, while the

rati-o between the peak driving force and the friction

incleases several time when compared to a servo axis with a

rotat ional  ac l t la tor .
Contetnporary linear motors exhibit tire top speed

of 3-5 m/s and offer the positioning accuracy down to I ;'Lrn'

l lxceptiorrally low inertia stresses the torque ripple and the
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cha t te r re la tedp rob len ts 'D t l e to t l t en ro to r i r r r pe r f . cc t i on
and the finite resolution of the sensors, the driving force

exhibits (the same way as l lre driving torque of a rotational

servo moior) high frequency oscillations - the chatter * with

an amplitude of 1-3 LSB. The smaller the inertia, the larger

the speed and position fluctuations caused by the jitter in

the diiving force. Dissipativity based [36] approaches to the

servo loop synthesis pennit significant reduction of the

chattering problems, but do not solve completely the

torque/fot'ce ripple problems. For this reason, the force

ripple minimization is one of the main design requiretnents

for l inear electric servo actuators'
Modern linear motors are mostly asynchronous or

synchronous peflllanent lnagnet motors' They have

n.ragnetic, hydtostatic or the air bearings [44]'

: - - - - :4 t

Fig.S Positiort cotttrolled drives itt autontated

production processes: a) Industrial robotfor cullittg,

u,elding and paining b) CNC, e) Machining and ntetal

forntirtg centre d) Gate entry-

l
\\\\- )

ttarlsntrsslon

Fig.6 Apptication of high perforntance drives in paper and textile ittdustry'
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The stiffiress coefficient of linear motors
(200 NAri) is rnuch better than the stiffiress of the fluicl
powef actuators (50 N/m). It is possible to rrove the weights
above 50 kg and attain the driving forces up to 2000 N.
Lolv equivalent inertia of motion control systems employing
linear motors results in a speed loop bandwidtlr of 130-200
llz and tl ie peak accelelation well above 100 m/s2.

I2 .  THE STRUCTURO ON IT ,OONRN DTGITAL
DRIVE CONTROLLERS

Digitat motion controllers mostly use contpact
ruricrocontrollers as the brain of the drive control hardware.
I{ecently, digital signal processors have been introduced to
the afea of indLrstrial control adding a new dirnension to this
freld of application. Based on the I ' larvard architecture,
DSP's ale characterised by a high speed execution
pennitt ing the in-rplementation of sophisticated control
algorithms. Tl.re processor can also perfbrm othel tasl<s suclr
as the real t irnc gencration of conrplex velocity profi lcs arrcl
position tri l jectories for mr"rlt i-axis systems. Tlie resulting
design of the control hardware is siraple, rnore flexible and
more reliable. Digital implementation results in discre{e
tinre nature of cornpensators and involves a finite precision
arlithn.retic. When using 8-bit and i6-bit microcontrollers,
the state variables and relevant parameters ale ofte n
represented as I 6-b or 32-b nunrbers:

Soltlvare development for higlr plecision
arit l imetic is r.reither short nor convenient, while tlre
execution time of such programs is usually long. Due to a
{hite n ord lenglh quantization error, the actual
compensator differs frorn the designed one. In some
recursive algorithms, even tl ie lack of nttmerical stabil ity
luay occuf. Without a f ' loating-point core, a clesigncl is
compelled to choose a controller stluctl lre that is least
sensitive to fhe quantization errors and inaccurate
coefficient storage. As an example, a higlier order fi l tel can
be in-rplenrented as parallel or cascade cornbination of f ir 'st

and second order blocks, reducing in sr.tch a way the

t]

Fig.l Lineat' incluction

cart'yIng

response sensitivity to coefficient variations and the finite
wordlength problems. Hence, even high or:der digital filters
may be implemented on 8-b and 16-b microcontrollers,
though witir a lirnited sampling time and a large software
over'head necessary to achieve required precision and
numerical stability. Numeric throughput of existing general
purpose l6-b microcontrollers (Table I) is not sufficient fbr
most high performance AC dlives and many sensorless,
general purpose drives. The vector control alone requires
several transformations of the voltage and current vectors
fLorn the d-q syn-chronous to a-p stationary frame.
Parameter estimation and the state observers parallel to the
flux, speed and position control may require more than 107
operations per second, exceeding sevel'al times the
capabil ity of a conventional CPU [11].

Reduced execution time owed to the hardware
irnplemented rrultiply-accumulate operations along with
long 16/32-b words and the instruction set suitable for
digital signal processing make the DSP based (see Table I)
nricrocontrollers the prirne candidates for the execution of
the drive control taslis. Presently, several compact DSP -

based microcontroliers exist, fitted with on-board peripheral
nrodules needed for the drive signal acquisition and control.
Many of them [21] allow for a numerical throughput of 20-
40 x 10o operations per second. Although very high, even
such levels of the number crunching capability are
insufficient for the implementation of recent nonlinear state
estirnators based on the pararnetric spectrum estimation
techniques. The requirements of time critical, numerically
intensive drive control functions rnight be fulfilled by the
use ofthe latest parallel architecture signal processors [22],
capable of executing more than 10' instructions per second.
'l'hough, 

the price and the noise sensitivity of the said DSP
chips prevents their use within the drive control hardware.
Instead, in numerous high perfonnance drive designs the
fastest control functions are executed in digital hardware
based on flexible, high gate densiry with FPGA chips (Fig.
8) .

notor: The drivingforce ir^ generotecl through electromagnetic
conductors in the ntovittg parl and lhe awents irtduced in the

interaction between the
condttctive base.

t 0

current
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I 3 .  CONCLUSION

Digitally controlled elecffic drives have reached

mature pirale in their development' The increased use of

microelectronics in power control circuits enabies the

iroft"*.ntution of complex control concepts' aliowing the

proOu.tion of environmentally acceptabie' self optimized

motor drives with applications ranging fiom precision

machine tools to traction drives with Tesla's induction

motor in high-speed passenger trains' Many elements and

modules oi tt't" drive system are already consolidated;

widely::accepted soiuti'ons eNist- for the. power converter

topoiogy, motor types and basic control structures' These

*.u tJit"a soiutions are unlikely to undergo significant

changes in the Years to come'

The research and deveiopment efforts are directed

towards the remaining drive problems, where substantial

contributions are expected in the future' Some of these

problems are:

i) Present drives radiate relatively high ievels of

electromagnetic, acoustic and thermal pollution;

i i) The drives use a. large number of sensors' the

r.viring and cabling is fairly complex and the cost of the

drive'package is still excessive for most applications;

iii) Elaborate installation and commissioning make

the human operator inevitable in the stafiup' repair'

replacetnent and run-time situations'

The intemational EMI regulations and problems

rvith electromagnetic compatibiliqv rvili incite the changes in

the front end convener topology' At present' the front end

converter in uost of the drives is a six-pulse diode rectifier

absorbing a distorted, nonsinusoidal currents from the

mains.

In the future, fuII bridge synchronous rectifiers and

other PFC topologies will be used at the drive front end'

Novel front end topologies are expected to draw the

sinusoidal currents from the mails, enabie the regenerative

braking of the drive and provide for the reduction of the

DC-link fi ltering components.

Integration of the drive power converter lnto tne

motor frame allorvs for a significant cost reduction and

more simple installation and wiring' With an integrated

motor-converter package, the motor cable exists no more'

The cable capacitance, electromagnetic radiation and the

reflections olthe dV/dr wave are cleared away, reducing

greatly the probiems of the EMI and an early breakdown of

ih" *oto, insulation. To make the integration concept

applicable in the fieid, it is indispensable to soive complex

thermal management problems of the integrated drive

package. At the same time, the semiconductor technology is

io pro"ula. tbr the porver and signal processing devices that

can operate safely at motor case temperatures'

digitai impiementation rvith an external, high densiry

prigrammable iogic device for very fast routines

Fig.8 Evotution of digital dri,-e controllers from analog to

fullY di git al im P I ement ati o ns'

The drive capaciqv to accommodate to the process

and parameter changes without the intervention of the

op.rito, become ever more significant' In addition to slorv

aiaptation features, most demanding applications of servo

drives must possess the robustness rvith respect to abrupt

changes in the system parameters and operating conditions'

Perfo-rmance criteria such as the cycie time, position

rracking error, the servo loop bandwidth or some other

syrthetic performance function must be maintained even

with the motor and process parameters changing in an

arbitrary .,vay within prescribed boundaries' Novel motion

control soiutions that might emerge in the years to come

rvill have a direct influence on the rvork quaiity and the

productiviry of automated production machines' Local

intelligence builr into the drive might simpiify and speed up

the installation and commissioning. Providing the drive with

self-adjustment and decision making routines, the

interventions of human operator might be cut down to a

minimum. In this way, electrical drives on the factory floor

will start replacing the workers brains and not only the

mnscle.
Although with a mature technology and the basic

problems already solved, controlled electricai drives are

stiit in the intense development phase. Numerous control

problems and the problems of energy conversion yet need to

te solved. The said problems will attract the attention of

many young engineers world-rvide at Universities, research

laboiatories and companies involved in controlied electrical

drives development and production.

l 1

hybrid digital / analog implementation

fu11 digitai implementatron



ations encountered in a control routine: DSP versus

Operation: Dieitalcontroller: TM532OC25 BOc196MC-20
fvlultip ly and accumulate 0.5 us 4 u s

Speed derivarion from the encoder pulse width 777 w (*\ JOZ l-r.S
Speed derivation frorn the encoder pulse count 2356 us (*) 25 us

(3 x 3) matrix multipiication l4- /  Lrs 225.9 us
PID with D-action low pass fi l terine 0.9 i is

Band-stop filter - Notch filter 2.3 us 87 us
(*) TMS320C25 has no peripherals needed for the puise width and pulse count rleasurement.

Instead. it is assurned that the DSP emulates the said functions in software.
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TABLE I:  f '
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THE BASIC MOVING AVERAGE ALGORITHM OF PRESET COLINT DIGITAL
RATE METERS

Aleksandar Kofurovi6, Vojisiav Arandjelovi6, Radomir Vukanovi6

Instifute of nuclear sciences - Vinda, Beograd

Abstract - The dynantic parameters:i response time
and steady-state fluctuations of a specific preset
count digital rate neter algorithm have been
detennined. It is shown that the response time of
this algorithm is always shorter than that of the
classical weighted noving average preset count
algorithn. Tlte steady-state lluctuattlons of succes-
sive results of this algorithm are considerably lawer
than those of the classical weighted moving averuge
algorithn. This makes this algoritlm pafticularls,
applicable in practice.

I TNTRODUCTION

The investigations of the preser count
algorithms of digital rate meters carried out so far

Ii.. ..4] have considered classical algoritilns based
on ,{' (l=1,2....) "puise packages" ({4), each pa-
ckage contahring N pulses counted during mea-
surement tine 7,. Fonnation of a package required
tliat the preset count was reacired. Tire pararneters
defining dynamic behaviour of this class of algo-
rithms: response time, steady-state fluctuations, and
the associated relations identifying mutual relations
behveen different algorithms have been determined.

The pi'esent article deais with an algoritirm
frorn the ciass of moving average preset count algo-
rithrns identified as the basic aigorithm in this class
since all algorithrns considered so far could be de-
rived as special cases of this one. This algorithrn
has been mentioned eariier [5] only as a possibie
rate meter algorithm since the implementation of
this possibility by the technology available at that
time was far too complicated. The present day tech-
no logy. however, offers soffware/hardware functio-
nal solutions and this algoritiun has become inte-
resting for implementation.

For the pulpose of assessing the dynamic
properties of the algorithrn the parameters defining
its dynamic behaviour will be determined. Furlher-
more, the dynamic properties of this algoritlun will
be compared with tirose of the classical preset count
r.r'eighted rnoving average algorithm [3].

II THE DEFINITION OF THE ALGORITHM

Let r\/be a selected preset count for determining
the mean count rate on the basis of the lengtirs of time
intelals, 7- required for attaining the preset count. The
peculiarity of the algorithm is the manner of specifying
the measurement interval within which the preset count.
N, is attained. Namely, after the first Npulses defining
the first measurement interval, eacir subsequent pulse
determines new measurement interval by rejecting tire
subinterval associated with the first puise of tire "pulse
package" and by adding the subiriterval associated with
the new pulse. This manner of specifying measurernent
intervals is il lustrated bv Fis.l.

I

: - - i - t r-*** )  '  ,
<-i , l;---- -----2 i ,

<-----i-f. _-+ i+--T^-*--*--l

Figure l. The schematicpresentation of tlte manner of
sp eci fying m easwem en t in tervals

The r-th measurement interval, ending with the r-th
puise, will be

r  - \ - r r
r n  -  

, L U t  n - ( i - l )  z

wlrere the subintewal 6T is the time between trx.,o
adjacent pulses.

The mean count rate after r measuremenr
intervals is

ff
R , =  ,  ,  ( 2 a )

1 -

( 1 )

wirere { is specified by Eq.(l). The rnathematical
definition of the algoritirm is thus
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N
{t Qb)r \ n  -  

N

! x r
' L v ' n - ( i - l )
i = l

The present considerations will be restricted to the

cano;ical form of the algorithm (k=-l), i'e' without

averaging the last kmeasurement resuits (b2'3,"'),

the method commonly used in classical moving

average algorithms [1,'..,4].'This'restricti 'o1t ;.has"

been introduced since the averagtng process may

introduce a weighting function whose influence can

be the subject ofseparate investigations'

It is intuitively clear that this algorithm

offers potentially faster response time compared to

that of tlie corresponcling classical algorithm since

tire whole transient wiil have to end within N

uulses. whereas any ciassical algorithm involves

transient times of at least several measurement

inten,als each containing i/ pulses. It may also be

presumed that the flucfuations of trvo subsequent

iesults r,vill be less pronounced rvith this aigorithm

compared to those of any classical algorithm' This

presumption is based on the fact that the difference

betrveen two successive measuring intervais is the

difference between the contributions to the

measufemetlt inierynil of tiie rejected and tire new

subintervals. 67, - 6Tn*,-

il i THE RESPONSE TIME ANALYSIS

Let a steady-state mean count rate suddenly

changes from an initial count rate Ru to a new

steady-state count rate Rs Figure 2' shows

schematicalty the reaction of the aigorithm to this

change and introduces the variables

subinterval of the new steady-state mean count rate, Ro-'

This second assumption does introduce a small error in

thes" cal"ulations, but for sufficiently large N the

contribution of a single subinterval to the overail result

is very small. On the other hand this assumption makes

the iollowing analysis considerabiy simpler' Th"
parameter O (X\ involved in illustrating the transient

ii*" of the algorilhm inEig-Z determines the portion of

the total count rate change taken for definition of the

iesponse'time. 
'in the present cal'culiitions fhe value ZFl-

VLo.szZtz (e - the base of natural logarithms),

common in health physics instrumentation' has been

used.

Fig. 2 shows that the response time is reached

after no infut pulses, counting from the moment of the

change of the mean count rate' i'e' when count rate

&+i(Rt&) is reached, Tlie figure thgtuj the ideal case

wiren'the above criterion is exactly satisfied by the z6-th

pulse.

In the course of determination of the response

time the following approximation is used

N l

T a r = N  + ,
H ' K

( r l

i.e. it has been assumed that Nis sufficiently large that

the total length of ,Ai subintervals can be approxiraated

by N mean subintervals 6Tr:llRr, or d{',:l iR,,, as

shown in Fig. 2.

After the change of the mean count rate, the

current value of the count rate during transient is

1 \ ,  -

( N - n ) T r + n T ,
(4)

N

Figure 2. The schematic presentation of the

transient of the algorithm for N:5

used in this analysis. It has been assumed that R">

R, and that tire sudden change of the mean count

rate is coinciclent with the start of the first

From Eq.(4) it is straightforward to show that tire stair-

like curve of Fig,2 follows a continuous hyperbola

I l R o + l ( 1 - R ,  l & ) l N
(5)

After no pulses, i.e. at the moment of reaching
criterion I?o+[Rr-&), the equivalent of Eq-(4) is

( N - n n ) l R r + n o / R ,
> Rn * b(R, -  Rn ) . (6)

where the use of approximation (3) for writing the left-

irand side of Eq.(6) is evident- The inequality sign in
(6) is used because fot n:n,, the criterion I<)+l{Rr1Rs)

can only by chance be exactly met when the equality

sign applies.

From (6), after rearrangement:

f r =

the

l 5

Ro+b{R,-Ro}

6Tt

k-- n"6Tr-l
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Nbl ls

R,, +D(-R" - fiu)
(7)

Therefore, r:,, is the iowest integer satisfying in-
equality (7). Even though all relations irave been
derived assuming a step-up change of tlie count
rate, these relations arc also applicable for any step-
down change ofthe count rate.

In accordarrce with approximation (3), the
response time of the algorithm is
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tlre analyzed algoritlim, ro, is aiways shorter than that of
the classical weighted moving average algoritirm. r*. In
tlre case of count rate decrease (q > 1) this difference
becomes orders of magnitude big, whereas for count
rate increase tiris difference stabilizes at a factor of
approximately 2 in favor of the analyzed algorithm.

.100

Figure 4. A conparison of tlte basic and classical
w,eighted noving average (k:l) algorithms for

different preset coants and different initial courlt rates

rV STEADY-STATE FLUCTUATIONS

For any preset count algorithm tlie steady-state
statistical fluctuations of the measurelnent results are

expressed as tire fractional standard deviation 1l \N rcl
(where .A/denotes a selected preset count). Since rVis a
constant for the measurement, the preset count
algorithms are often called the constant accuracv
algorithrns.

It should be expected that the fluctuations of
fwo subsequent resuits obtained by tire present
aigorithrn are considerably smaller than the totai
fluctuations since two subsequent resuits contain ,A/-l
identical subintewals. Standard calculations showed that

these fluctuations were given W JZ/A/. For a classical
preset count algorithm, assuming Fl. the fluctuations
of two subsequent results are given by ,t l N .
Obvi ously" the. flucfuations of subsequent resuJts.. of the-
present algorithm are considerably smaller. This makes
the present algorithm very attractive, particularly if tire
results have to be monitored by a visual display or if tire
measuring system is to be incorporated in an automatic
control loop.

(8)
1--

'l(s
To = l7o

Figure 3. shows tire response time
dependence on the ratio q:Ro/R, for f$'o different
sets of values (ry&).

r o l  r o o  l o r  q  l o 2

Figure 3, TIte response time dependence on ratio q
for different preset cotrnts (N) and initial couilt

rates(Ro)

As expected, Fig.3 illustrates that the
response time of the analyzed algorithm is directly
proportional to the increase of the preset count (1U
aud inversely proportional to the initial count rate
(,1,). The explicit dependence of ro on R" in Eq,(B)
illustrates the icnown adaptability of this class of
algorithrns to count rate increases.

It is interesting to conpare tire dynamic
properties of the present algoritirm, the response
time and steady-state fluctuations, to the cor-
responding properties of the classical preset count
rveighted. morring average .algoritlm i3.]..The. se-,
lection of this algorithrn for comparison does not
exciude taking for comparison some other algo-
ritirrns previously analyzed [2].

Figure 4. illustrates the response times of
the present and the classical weighted moving
average algoritir:ns as functions of the ratio
q:R/R", taking the preset count and initial count
rate as parameters. Evidentiy, the response time of

T' o
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V CONCLUSIONS

The results presented in tilis article could be

summarized as follows:

- the mathematical expressions for the

dynamic parameters of the basic preset count

;ouin; u*rog" algorithm have been obtained;

- tlie response time of the analyzed

aigorithm is itwuy. itrorter than that of the classical

*3t gfti" A moving average al go rithm;^this difference

arnounts orders of magnitude for step-down

changes ofthe count rate,

- the steady-state statistical fluctuations of

adjacent results are far less pronounced for the

pr'"."rrt aigorithm compared to any preset count

moving average algoritlun;

- in general, the dynamic parameters of the

present algorithm are sup-erior compared t: tlt: 
:,":

iesponding parameters of any preset. count movlng

or,'J.og" Itgorittrm; these properties make the

pt"."it allorithm potentialiy very usefui in

practice.
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THE GATE LEAKAGE INFLUENCE TO THtr MESFBT NOISE MODELING

Bratislav Milovanovii, Vera Makovii, Nata5a Mate5_Ilii.
Facuity of Electronic Engineerirrg, University of NiI, yugoslavia

Abstract - A neu, model for MESFET noise
parameter predictiott including gctte_leakage
currellt ittfluence is proltosed in this puper.
Startiug from the previou.sly developed model
v,ith two correlated noise sources and three
corresponding equivalent tentperatures, the
rtoise effect of gate-leakage current is includ.ed
by Ltsirtg extended intrinsic equivalent
transistor circuit atd four equ.ivaletil
temperatures. A set of equation describing tlte
rtoise paranteters as tlrc functions of equit,alent' 
circuit elements as v,el! as fourtlt equ.ivalettt
tenlperatures is derived. The, procedttre is
implernented u,itlin tJrc circuit simulatot, Libra.

INTRODUCTION

Microwave FET transistors (lrrIESFET.
HEMT) cal be characterised by four noise
parameters: magnitude aud angle of optimun
reflection coefficient lo,, (or, aitemativejy, bv
real and imaginary parl of optimurr adrnittance
I,n,), rnirrimum noise factor F_,, and noise
resistance R,.

ht low noise microwave circuit design.
the possibility to detennine the transistor noise
pammeters using appropriate models altd
standard microwave software tools presents an
usefui altemative to suffering and expensive
experimental characterisation of transistor
noise.

Lr tJre previous work U], [2] the authors
of this paper have developed a procedru'e for
efficient noise prediction of rnicrowave FET
trausistors, stalting from Pospieszaiski's noise
model t3l which is based on using two

equivalert temperatures, T, and Ir. With the
aim to make a further improvement in
modeling, the authors have included the
correlaiion between two noise sowces by

: alefiiiirrd),'!tile'".;tliii'd- e(uival€nt te'mperatuie

T,=lT, ld*" , Wl.The deveioped procedure has
been used for successful MESFET noise
rnodeiing by cornrnercially available circuit
simulators Libra [5].

However, in the most cases, the
charaeteristics of simulated noise parameters
do not agree very well with measured toise
parameters at low patt of correspondilg
frequency range. Some ttreoretical

iuvestigation and experirnental rcsults have
demonstrated that a gate-leakage curTetlt
strongly affects the noise performance of
nicrowave FET transistors, especially at low
frequencies [6]. The established noise modeis
ar€ not able to describe the noise contributions
of microwave FET transistors caused by the
gate cu.rrent. Ilowever, the successfirl desisn of
sorne circuits, as for ilstauce of low rloise
arnplifier (LNA) at frequencies up to i0 GHz,
requles a noise model which takes inro
account this additional .effeet. With the aspect
to tiris, a modei including the additional ntrse
source between gate and source of rricrowave
transistor was suggesred iu [6], but corelation
effect betweel gate ald diai:r noise sources has
not been taken ilto account.

A lew rnodel for MESFET and FIEMT
noise parameter prediction including gate-
leaicage current iufluence is proposed in th-is
paper. Startiug frorn rire previously developed
model rvith two colt'eiated noise sour.ces ald
tlree con'esponding equivalent temperatul.es,
the noise effect of gare-leakage cur:.ent is
ilcluded by using extetded intrinsic equivaient
transistor circuit and four equivaielt
temperahues. A set of equation describing the
noise pararneters have been derived and
impl emented with i n sta n dard circuit simulator.

NOISE PARAMETER EXPRESSIONS
INCLUDING GATE.LEAKAGE EFFECT

Cornplete ttansistor equivalent circuit
inciudilg palasitic elements is chosel in the
fonn shown in Fig.l. The intririsic equivalent
circuit is sitown in Fig.2. The gate current
influence is presented by addi:rg a shunt
conductance G, between gate and source. The
noise soulces in this extended intri:rsic
equivalent circuit ale the resistance rs" and
conductances -g;; ', 'and- "'G;. ,,.,,,T,]1e'.. r:,,noiser-; .r
contribution of the resistance r1" is modeled by
a voltage noise soruces e8,, of the conductance
ga,by a cunent sowce ir., and of Goby a noise
current ir. It is assuned that there exists a
correiation between the sowces cr" ?rrd ia,
which is characterised bv o..

1 8
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Fig.I. MESFET equivalent circuit

Fig.Z. Extended intrinsic MESFET equivalent circuit

t l t
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b)
S1.3. "A" representation of noisy st 6:pot't circuit

a) corl.plete circuit, b) cascade connected tv'o trl:o-port circttits

j- (lRa

a )

The equivalent temperanres fs and Ta

are assigiled to the noise sources er" 4I1d ia",

respectively and the corelation effect is

expressed by an equivalent conelation

The noise contribution of the

conductance Ge is expressed trough the

equivalent temperarures To in the followilg

way:

temperatue I", so that:

(l"r"l') = 4kr,re'B'

(h'l') = 4krasasB'

<"r,i)= o.{1"r"il(ffi

(1'"l ')= 4ErpGeB.
(1) \  ' /

(4)

wirere ft is Boltzmann constant, B is

incremental bandwidth alld ( ) represents time

average.

With the airn to derive the noise
parameter expressions, intrinsic transistor
equivalent circuit is cousidered as a ciiscade
comrection of two-port subcircuits (l) atd (2)

as denoted in Fig-2- It is convenient to

represent the cascade cotrnected noisy circuits

by chain ("A") representatiol. In this case, two

noise sources: voltage source v.,r rnd current

source i,,, are :rssigned at the input port of

noiseless circuit, Fig.3a). The chain

(2)

= 4kT,B , (3)

t 9
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represeutation of subcircuits (l) and (2) a:e
presented in Fig.3b).

The noise alalysis of two cascade
connected circuit is based on detenninir:g the
conelation matrix of entire circuit C", [7]. For
this purpose, it is necessary to know the chail
matrix ,4(t) and the noise correlation matrix
C,(') of the first subcircuit as well as the
correlation matrix Co{zt for the secold
subcircuit. The resulting correlation matrix C,,
can be compute accordiug to:

Cou = AQ)cLz) (AQ))ti * cy , (5)

where 
# 

denotes tratrspose and conjugate
matrix.

Considering the circuit shown in Fig.2,
the matrices in the expression (5) have the
following forrn:

f r  .  I
/ -  - l ' a l l  - a I 2 .  l -" " ' -Lcon C 'zz) -

I l t . .  1 2 \  L . \ l -  6 )
I  l \ l ' " , ,1  )  \ v " , t ' " ) l '

4kBr^l l ,  , .*  \  l t ,  t2\  I"*-"  
l \ t " , , ' " "1 \ l r* l  /J

,( r )  - [  I  o- ], q , . ,  = l du  i l ,  Q )

,  [ o  o l
c!) = .=l_ I " /r, rz\ l, (8)

4kBroLv \t%]t / l

f l '  r 2 \  /  . * \ l
r  l ( l v " z l  )  \ voz t " z ) l

a \ L ) _  
-  

l \  /  \  / l  / o \
" a  - . , ^ _ r 1 .  

x \  l t .  r z \ 1 . , , ,+KIr r o | \i ozv oz) ( 1,,, l- ) IL '  '  \  t  )
In the r"elaiious above, the temperatwe

I, represenis ambient temperarure (290 K).
The noise parameters of intrinsic

transistor circuit can be determined knowing
elements of compiete circuit correlation matrix
C o, by following relationships [7] :

/  * \
Fmin =1+2\Carz+ RnYlo,) ,  (10)

/ ,  , 2 \  / ,  r z \ ,  ( 14 )
\1" , ,1  /=\ l l 'ozr  ,

l t .  r 2 \  l t .  o \  |  ' \  t  ' r \

\ ' i",,1" )= (lr' l '/ 
+ 

\l i"zl' ) 
+ 

\vlv"zl' )ci, 
+

/  * \
+zco ne(v"2i)2), 0s)

/  . *  \  11  ' ' t \ ^  |  .+  \

\,*i",) 
= 

\l '"r] i" 1c, 
+ 

\,"zi,z). 
( l6)

By direct comparison between "H" and
"A" represerltations in Fig.2. and Fig.3b)
respectively, the following relationships are
obtained:

i , r=- iof nN), G7)

LQ)
t ' o r= - i o ; i ds -egs ,  (18 )

"21

. 1
io2 = - - - ; i4r ,  (19)

I  t ' ' '' 21

By usiug these transfonnation rules. we
have derived eiemelts of corelation matrices
Co(r)and Coe\ as foliows:

1l '  t ' \
1,.  r2\  \ [ r ' t  7
( l ' . t l - ) = f ,  ( 2 0 )
\  /  1 , , r 1 ) l -

( '2t  I

l r . .  rz \ - / r -  , , \  , l '4? ' l '  t , .  rz \
\lv"zl f 

=\l"s'l 
l*ffi1t,l't 1

l ' 21  |

lti! ') , . rl
+ znelV.\er",o,)I, (21)

l n z \  
' )

l l  .*  t \  / , {?) 1, .  r2\  |  I  .x \
\ lv"zt"zl)  

= 
T ^u \ l ,a" l  /  +,  *rry \es,ta,  ) '\r '/ 
ln!?ll- , , hzi \ /

l '2r  I
(22)

1 , .  r z \
I r ,  121- \ l 'a ' l  I  ," .

\ l ' " z l  | - ; - , ; '  t ' 23)\ / ltr:1)l
I  L t  I

The parameters h,,, and Jt^ of
subcircuits (1) aiid (2) arc given by

t'tl = -t, (24)
- l t  

i n r  C

i l 12)  _ ' ' r . * '3s"8s  ,  Q5)
7cD Lgs

o e- jrot'

h \ z )  _ o m -  _  Q 6 )L '

7CD L gs

Gop, =

f r  I
B"pt = ImlVrzl ,

t u c l l  J

Rn =  Ca l l '

(r2)

(13)

On the basis of relations (5)-(9), the
elements of intdnsic circuit correlation matrix
can be expressed as:

1n
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By using expressions (20)-(26) the
correlation matrices (8) and (9), are obtained.

By replacing these relations il (5) the complete

intrinsic conelation matrix (6) becomes

known. At the end, by replacing the elements

of this correlation matrix in (10)-(13) the noise

parameters are expressed as the function of

equivalent intrinsic circuit elements and

equivalent temperanues T, To, T" a;rd To, in

thafornog.iven bYd27)-(30).

The optirnum reflection coefficient f opt

can be expressed in the standard way, using

optimum admittance Yoo,=Goo,+jBoo,, The

derived expressions (27)-(30) have beea

implemented within the circuit simulator

Libra.

NUMERICAL RESULTS

The proposed model can be applied for

MESFET and IIEMT transistors. The resuits

presented in this paper are related to a

N71000A MESFET. For this trarsistor there

are manufactu-rer's S-parameter data in the

frequency range (1.5-26.5) GHz and noise

pa-rameter data at several discrete frequencies

in the range (Z-I8) GHz.
Whole MESffiT equivalent citcuit

including some additional parasitic elements

has been chosen for further work. The

equivalent circuit element values are

where:

determined in optimization procedure of

program Libra by comparing simulated and

L"ur*"a S-parameter data. The values

obtailed in this way are used as starting values

in an optimization routine simultaneously

applied to all equivalent circuit elements and

four equivalent temperatures with the aim to

reach the best agreement between simulated

and measured S and noise parameters at

frequency rangp of ]4te,{eqi ,,I'4.''.!,\rs.,,,,,,,,,,,,,,,,-'1v'4y .the
following equivalent temPerafuJe. values ate

obtained: T.=LSA K, T;15L9 K' lf'l = 50 K,

x"=11..+l ps, fp=531 K.
The characteristics for noise parameters

t _ t .

F ̂ io, Rr, I frr, I and /l or, ate shown in Figs'4-

7- The curves obtained by using the proposed

model are denoted by MOD2- The referent

cluves GEF) are based on &e measured data'

Very good agreement between these two

curves can be observed for all presented

characteristics. On the other hand, the curves

denoted by MOD1 correspond to the procedure

when the gate leakage cluretrt i:rfluence is not

considered. It c;Itr be seen that the

charactedstics obtained by proposed model suit

much better to the referent ones, especially for

minimum noise figwe at low frequencies

comparing to the model which does not

involve considered effect.

R,, = **p-sa,n *z V+ @, +q3,,,P2).
"  To  g '^T" " " "  

*  
g , rTo '  

'

^ ar(so,rn + g,,lt'..1r,)
Dnrrr = --------- 

a- t

Rn8"^To

.1 -l d(@uou)t * s'^rrou * zqs,,qlr,lp- (s*lr,lprY)
G n n t  ="oPt 

I o"k'"
I

+ n,skr"G\crr, +zQtQac, +zqs,,crlr,lpt) * *?)'
ffi-"'.1,

F m i n = r n +l(G " r, 
+ c r)n, g,2,r 

" 
+ fi ' r' I a"T a + Eu 6 "'lr'l 

r'l

(27)

(28)

(2e)

(30)

q = l+ jroC rsrss ,

q = t,lCg",

& = .rtlt(". - 
")] 

and

h = l - j a ' : C r r r s s ,

Q4 = rrridrT,l '

Pz = st,[co(t. -'c)].
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CONCLUSION

Tt'ansistor noise rnodel based on two
correlated noise sources (voitage source at the
input and current source at tlre output) is
extended by involving gate-leakage current
effect. It should be first ernphasized thar this
effect is modeied by a shunt conduetance
between gate and source, with an equivaient
temperatru'e T, assigned.

It car be concluded that noise
ciraracteristics obtained by using developed
model agree very well with referent ones i:r
whoie frequency range. Better adjustment is
achieved comparing to the model which does
not take into account considered effect
especially for minimum noise figure at the
lower part of frequency range.

The undoubted benefit of developed
procedure is that it is very appropriate for
implementation within staldard program
packages for microwave circuits simulation.
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UTICAJ STRUJE GBJTA NA
MODELOVANJE SUVIE MESFET.A
Bratislav Miiovanovii. Vera Markovii.

Narasa Males-Ilii

Sadriaj - U radu je raunatran uticaj struje
curenja na gejtu tta iumne karakteristike
MESFET-a. Pret]rcdrn rqzvijeni empirijski
.itttnni model tranzistore na bazi tri
ektivalentne temperature dopurzjett je na
slecleii tniin: Postojat je struje gejta
modelovarrc je pomoy'tr odvodnosti iztnedu
gejta i sorsct, a njen efekat na karakteristike
iuma izraiett je pornoiu ttove ekvivalentne

tenxperature Te lzveden je set jednaiina
kojina se opisuju parantetri iuma unutrainjeg
ekvivalentnog kola tranzistora u funkciji
elernenata ekvivalentnog kola i ietiri
ekvivalerilne temperature- Ovaj set jednaiina
osttova je postupka koji je intpLententirart u
okviru progratna Li bra.
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BELGRADE GRASPING SYSTEM

Dejan Popoviir and Mtjana Popoviiz
1 Faculty of Electrical Engineering, Belgrade

2Institute for Medicql Research, Belgrade

Abstract: Belgrade grasping system (BGS) comprises a four

channei electronic stimulator, a set of six electrodes, and a set

of sensors. BGS was designed to enhance the grasping and

reaching of humans after spinal cord injury (SCI) and raise

their level of independence. The controller cloning the natural

grasping and reaching behavior of able-bodied humans is the

major novelty of the BGS. This controller implements a

sensory triggered preprogmmmed control' BGS provides

pahnar and side grasping and control ofelbowjoint extension'

iotential users are left with voluntary tiggering of the system

to initiate grasping/reieasing of a given object' The stimulator

includes the following components: l) DCIDC converter

providing four galvanically isolated channeis; 2) four output

stages designed to ensure constant current pulses with variable

eleltrode impedan""; 3) programmable controller based on the

microcomputer Motorola 68HC11A8 capable of controlling

pulse duration and frequency, and implementing a ruie-based

algorithm. BGS was tested in eight subjec* with SCI' Daiiy

functioning (handling utensiis, comb, brush, phone, cup, glass

and can, etc.) was improved and the working space increased

rvhen the BGS was used.

I" INTRODUCTION

ivtany of ffaumatic spinal cord injuries (SCI) lead to disabiliry

called tetraplegia. This is the most colnmon cause of biiaterai

upper iimb paralysis. SCI results in multiple impairment (e.9.,

bowel, bladder, sexual functions, etc-) but many humans with

terraplegia set restoration of grasp and release as a priority'

Adaptive equipment, compensatory hand functioning, surgical

procedures and orthotic management are customary rehabilita-

tion sffategies. In the past 25 yeats functional electrical

stimuiation (FES) of paralyzed but innervated muscles in upper

extremities ailowed functional restoration of grasping [1]. FES

is by far the most promising technique for restoring the

grasping and reaching, because it integrates preserved natural

rrrechanisms with the externally driven biologicai resources [2-
l l l .

FES systems with up to 30 percutaneous stimulation channels

were systematically investigated for exercising both hand and

arm muscies and used for iestoration of movements [1, 4, 5].

FES systems are intended to confrol the elbow and wrist joints,

and the hand [3, l2]. Stimulation profiles were derived from

the averaged, amplified, filrered and integrated electromyogra-

phic (EMG) signals recorded from able-bodied subjects [4, 5]'

Voluntary inspiration and expiration of air generated the

control signals.

FES for reaching and grasping has been evaluated with a

rnultichannel surface system [6, 13]. This system uses voice

control for twelve channels of bipoiar stimulation for the

control of the elbow joint (two channels), hand and wrist'

Only a few subjects were tested with this rather complex

system.

Investigators at Case Western Reserve University (CWRU),

Cleveiand, Ohio, developed a fully implantabie system' Up to

eight channels wilre used to enhance grasping [2,3' 7' 111,

often combined with surgical procedures [14]' The CWRU

research team pioneered the usage of FES for control of

reaching [15] where appiying percutaneous electrodes to

control eibow extension. A modern version of the reaching

system is integrated with a fully implantable system for

grasping t1 i] The reaching system uses percutaneous

eiectrodes and a simple feed-forwaid controller' A tilt sensor

is attached to the upper arm and it generates control signals to

turn on and off a stimulation channel appiied to m' Triceps

Brachii. Principles and methodology how to automaticaily

control reaching, which have been used as the basis for BGS

are described in details in Popovii 112. 161. BGS is a result

of the development at the University of Miami [10'16], clini-

cal evalualion of the Bionic Glove [17] and research al the

Universiry of Belgrade [18, 19].

II. PROGRAM1VIABLE STIMULATOR

Four-channel stimulator (Fig. l). The foilowing characteristics

were chosen for the design: 1) the device has to be portable and

battery powered; 2) monophasic, constant current stimulation
pulses have to be used at the output; 3) programmable
stimulation pattems have to allow pulse duration t benveen 0

and 800 ps, increments 20 ps; interpulse interval T betw-een 0

and 1000 ms, increments 20 ms; and current amplitude I

between 0 and 80 mA, increments 4 mA; 4) low cost: and 5)

control unit suitable for easy operation and non expefi

programmers.

Figure 1:The BGS system. Electrodes for fingers
and thumb flexion are shown. Left hand is
controlling the triggering switch.
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9V

The power supplv for the stimuiator is realized by using a
DC/DC converter O4AJOv{ 773 IC) and appropriate circurtry
(Fig. 2) The advantages of such a design are sma_ll size and
weighl ard very low consumpuon both u,hen operating and in
tle idle state. The design of porver supply a.lso ensures that lvhen
control is malinctioning or tire elecrrode impedance ftops to
lolv values the maiimum current is iimited: &us. the risk of
iryuries is mrnimized.

254 H
N-channel

small and reiiable. The standby power consumpdon is zero
rvhen the load current is zcro. Short sr.itcllng times of tire
output transistor (10 ps) are obtained by high currenr dnr.ing the
optocoupler diode (50 mA), Both simulatjon ald measuremens
irave shotvn that l-he output stage produces pr:lses witir the
amplitude range fiom 0 to 80 mA u.rth suppli' less than 100 V
voltage throughout the rvorking range [18].

The basic fi-rnction of the conrroller. is to drive the output stages
with the desired pr:lse duration and frequenq'. In additron. the
controi unit must provide a powerfirl interface with the user. a
host eomputer and other strmulators and serrsors. A general
descnption of the controlier Gig. 4) shorvs thar the interface rvas
realized using IC GOIM3232. Temic and lvfl{I SIR transminer.
Nova Log) communicatron rvith a PC compatible computer. &at
a puise shape is generated rsing programmabie ioglc IC and
counters.

ccvt-Eor-
l,GiC

0. i

0 .1

J
{ irt

------l-
i  A " D  i | m r e e  I
coN!€RIE-q I l

----'----:col\flrtLb,iIC.\TION

: R F C / T i L \ } i S , ' , < R E C , T L $
'  l . ..,..- l ------r

i-:
: i '

Figure 2: DCIDC converter used for the BGS
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Figure 3: The output stage of the BGS

The output stage @ig.3) rvas designed to: _1) generate constant
current puises; 2) allow adjustments oftfte amplitudes ofpuises.
The output stage was realized using twp OP-amps, and three
tra$istors able to source current to a muscie through an
elecrode having the input impedance Zp. Current sour€s are
switqhed by gairmically isolated digttal signais, which provide
conqoi of all output stages from the qame control unit. The
constant anrrent source is designed v/ith high voitage transistors.
The amplitude of the constant currertt is detenained by a
potentiometer resistance, P = 5k.

Tite current amplitude varies within l0 percent about the
nominai current value when the electrode lmpedance Zp varies
benr.een 0.1 and Z kf2. The r.i2itzed oulput stage is physicaiiy

Figure 4: Scheme of the BGS controll€r

Fiash memory @A28F0116SV-080, Intei) is used for
ensuring sufhcient memory for eventual more compiex
applications. M68HCi iA8 microcontroller is the core of tire
device operating at clock speed of 8 MHz. The microcontro-
ller operation is supported bv the reset (MX631-t) and supplv
voltage monitoring circuit TL7705 and by the IC commu-
nication link [20]. A serial PROM (XC1736. Xiiinx) and
EPROM 27C256 are integrated into the controiier. The
expanded mode of microcontroller operation is used rvhen
the stimulator operates as an autonomous device.
Programmabie logic operates with PGA IC (XC3042-
70PC841. Xilinx).

The A/D converter inputs of micro+oilroiier can accept
eight analog voltages ranging from 0 to 5 Voits. Up to four
digital inputs can be used for control at this point. but tiris
number can be increased to maximum of 8. Puises at
different outputs can not be generated simultaneousit'. the--v
appear in sequence. The host PC based computer interface is
realized by IC communication interface using TOIM chips.

j
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tII. CONTROL PARADIGM

For a long time a plausible approach for control of assistive

systems relies on cloning or copying natural st'ategies' In order

to clone the natural manipulation and grasping it was essential

to study those functions.

I-r:r the broadest terms, there are two approaches for studying

grasping the empirical and the analyticai. The empirical

approach explores grasping by humans and animais, the only

successful grasping systems in our experience. Those studies

came with some extembly important issues for external control

of paralyzed hand. A concept of "virtuai fingers" [2 1 ] suggests

that any number of fingers that work zrs one can be modeled as

single entity. Iberall [22] describes human grasping in terms of

"oppositions," which are the basic hand configurations for

applying forces to opposing faces ofa grasped object.

All human grasps are formed from a set of only three

oppositions: 1) pad, for forces between the pads of the fingers

and thumb; 2) palrn, for forces between fingers and the palm;

and 3) side, for forces between the thumb and the side of the

index frrger. The importance of the listed features is essential

since it is impossible to control individual frnger alike humans

do it naturally, and that the opposition is a feasible mechanism
rvhen externaily stimulating finger and thumb flexor and

eKtensor muscles.

of the Bionic Glove can be described as an enhanced tenodesis.

The Bionic Glove requires active conffol for both opening and

closing operations. By extending the wrist the subject is tuming

on the stimulation of extensor muscles, and by flexing the wrist

the flexor muscles are hrmed on. The hysteresis provides a

large "dead zone". Dead zone is a range wrist at the wrist joint,

which ensures that once the system is tumed to op€n or close

the hand, the stimulation regime will stay unchanged-

The Handmaster system [], 6] uses a predefined synergy of

opening and closing, and a switch mounted on a plastic splint

containing the electrodes and supporting the wrist basically

triggers the system. The Handmaster system was designed for

exercise of muscies. The rigid stmcture of the splint holds the

hand/forearm system in a fxed position reducing the

applicabiliry ofthe system for affective grasping.
TRIGGER

O_=:>TF.GR 
I ->l Fn'IGERS EXTENSoR MUSCLES

. t '
- - - - - -+ l i

' m r c D t  I
, ii__

t q

, :FSTGERS FLEXOR MUSCLES

TIMER 3 -- ,IFNNAN MUSCLES
:

OPEIIINC CLOSING OPENINC RELAXATION

Figure 5: The grasp options: A) pad opposition; B) palm

opposition; and C) side opposition. The figure adapted

from Iberall [22] with permission,

Synergistic concept of stimuiation il used in most assistive

systems for restoring the grasping. Using a switch the user

seiects the type of grasping (palmar or side). The CWRU

system is allowing the user to open and close the hand

proportionally. The subject controls a joystick (0 to 100). At

position 0 the hand is opened, and at position 100 the hand is

closed. Joystick position befween positions 0 and 100 subject

controls the aperture of his hand by a preprogrammed

individualized combination of stimulation parameters. Visual

information is used as the only feedback. Voluntary input is

integrated into the joystick and it allows "locking" the

stunulating parameters at a desired combination.

S-vnergistic conffol is also implemented with three channels of

surface stimulation within the Bionic Glove [B]. The operation

'**=-[--
I

__ t_
''^*il-ry,
.*1:----ffi ---;L,"*w
Figure 6: Timing diagram for the control of grasping

Control of grasping The BGS includes fwo modality of
grasping, and it foilows the ideas impiemented in the Hand-

master system. The control system allows side and palm grasps

by generating opposition. The conffol scheme shows the timing

paradigm (Fig. 6). The grasping is separated into three phases:

1) opening of the hand (forming the correct apemre); 2)

relaxing (allowing the hand to get a good contact rvith the

R

I
e

27

Figure 7: Joint angles used fol control of reachtns
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object; and 3) closing the hand by opposing the palm and the
thumb or the side of the rnd.ex finger ald the thumb. The
releasing firndion inciudes txo stages: l) openiag of the irand,
and 2) remaining in the reia;ed sate. The conrroi scheme shoqs
tlnt it is possible to select the duratron of each of the phases of
the graspirele:se upon the individual characteristics of the
subject, as rvell as need as higher preferences. The choice ofthe
grasp depends only on the relatrve duration ofthe periods T: and
T:. if the period T2 is longer, the palm grasp iviil be
impiemented and vice versa.

Control of reaclzing. A FES system for reaching requires
effctive control to permit subconscious and innritive use_ Here.
we describe in short a paradigm used for control of the BGS.
The' folio*.ing paramerea are conti.olled: 1) the scaling
parameter C benveen the angular velocities of the shoujder and
elbow joins [16]; and 2) the individual srimuiauon para:nerers
of the rn Triceps Brachii to generate mo\/emenl with t]ie desired
anguiarveiocitv and its increment [12].

Scaling

Paratrreter c

look-uir tables

TFIEN TP
Stirnulator

EXECUrION LEWL

F i

Triceps muscle

Figure 8: Sensory driven algorithmforcontrol of
reaching

Scaling innoduces bioiogical synergy into the control probien:-
and is not user specific. User specific simrilation pa-rameters arc
a series of vectors composed of tlree elements: 1) the anguiar
relocit-v of the elbow joinq 2) the increment of &e elborv joint's
anguiar velocitv; and i) the electric charge deiivered to the
rnuscle. The scaling depends oniy upon the position of initial

i. SEPTEMBER 1998

point of t]'e irand aad the,targel trrat is the terminai point of rire
hard. The a().a(t - A/) are the angular reiocities of the upper
arm in hvo conseculive instants. and. p(t);p(t_rr) are Lre
corresponding computed va-lues of the eiborv angutar velociries
[Fig. 7] The term 'compured' refers to dir.iding the measured
shouider angulff reiociry by the scahng coeficient C. The
ampiitude of &e stimulation pulses (I) anA the frequency of tjre
stimuiation (f; are preseiected to allow a firll range of erternaiiy
eiicited elhw erlensions. The pr:ise duration (T) is responsible
for the ievei of actiration of &e m. Tnceps Brachii. The incre-
mental pulse duration (AT) is the minimal value that generares
a recognizabie chaage in yelocit"v. Bm(t)is rhe measured relarive
angular velocrf.v of the folearm witir respect to the upper arrn
a:ad e = p*rt) - ltttl is the error in the sampled feedback comroi
ioop.

Tire structure of the €ptrolier is depicted in Fig. 8. The
paradign shonn decomppses the control to hlo levels. At a
higher, coordination level. the coefficient C is selected exclusir.e-
ly on the basis of tlte initia.l and target positrons. This scaling
does not depend on the user. but is urulersa-l for a given task.
The input to the upper control level is the roluntarily controlled
angular velocit-v of the shoulder joint. At the lower levei. dre
time-sampled feedback adjusm the strmuiation parameters ro
minimize the error betrveen tire achieved and desired elborv joint
angular velocities. This senson' driven control uses a subject-
dependent knorvledge basg i.vithin the microcomputer and oni_v*
one channel of stirmriation applied to the tnceps brachii muscle-
tlut is the muscle ertend,ing the eibow joint. The process of
determining the scaling coefficient. the strarery to reducing rhe
infinite number of scalng coefficients for practrcal irnple-
mentation, aad determining the stimuiation paftrmeters arc
described in details in Popovid and Popovi6 [I2].

Figure 9: The usage of a reaching/grasping BGS
system.

The risage of &e s-v-stem in a tetrapiegic subject with an injun' at
C5 ievel is shorvn in Figure 9.
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IV. ELECTRODES AND SENSORS

It is known that after SCI at ceruical level many of the

peripheral nerves still innervate ann and hand rruscles, and this

fact is used in all grasping systems [e.g., 6, J, B, 13, etc']. In

subjects in whom the forearm tnuscles are innervated it is

possible to select small surfaces at the dorsal side to selectively

stilnulate deep and superficial finger flexors, without

stimulating wrist flexion. lt is also possible to select a small
surface at the volar side of the forearm to selectively stirnulate

cofirmon fingi:r extensor muscles. The diameter of the suitable
electrodes, cathodes, is typically between 2 to 4 cm. The anode

for both of these stimulation sites is the dorsal surface over the

carpal tunnel. It is possible to position a cathode over tlie

thenar muscle group, generating opposition and flexion oFthe

tirumb. The anode position described earlier' covering the

median, ulnar and radial nerves is good enough for the control
of the thumb. Tlu'ee channels are a minimun.r nuntber of
channels for effective control ofgrasping.

The testing with more channels showed that better selectivity
and better functioning can be obtained only if an implantable
system is to be used [7]. The eleckodes for stimulation of the

elbow extension are positioned over the triceps brachii muscle
that is lateral side of the upperam. Both of the electrodes are
relatively small, having the diameter of 2 crn each. It rvas
shown that using the wrist anode is not functional-

Two accelerometers ur"ftus"d for the sellsory coutrol ol
reaci-ring. The sensors are mounted at tlre shoulder and elbow
joint angles. The accelerotneters can be replaced with tacho-
generators, but the mounting of the fixed axis transducers' 

'Ihe

usage of flexible goniometers such as Penny and Ciles,
Blackwood, England [17,16l is possible.

V. CLINICAL USE OF THE BELGRADE GRASPING
SYSTEM

Eight young (23.8 + 5.6 years of age), male subjects with a
spinal cord injury between C5 and C7 were included in tlte
evaluation. All eight subjects had a complete lesion. Fout'
subjects had received only conservative treatnent after their
injury, two had undergone spinal operations, and two had been
operated upon and had then received conservative treatment.
At the beginning of the evaluation five subjects were over 24
months post-injury, two subjects were more tlran oue-year
post-injury, one more than six months. All the subjects signed
an informed consent approved by the local ethics committee
before they were tested and included into the study.

Following the quadriplegia index of function (QIF)' the
functional independence lneasure (FlM) and the uppef
extremity function test (UEFT) did the evaluation' All tests

were done at the beginning of the test, and after one and two

montlis of the usage.
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QIF -  Quadr ip legia tndex of  Funct ion '

Selected sections of impo(ance for judging the iurprovement

in hand functions were tested. Attention was paid to feedirrg'

dressing and groorning. The scoring used tlre following grades:

4 - completely independent, requires no assistive device, 3 -

independent with an assistive device, requires no human

supervision, subject can put on assistive device; 2 - requires

human supervision only, with or without physical contact;

requires no lifting by another person; I - requires physical

contact involving lifting of subject or par-t of subject's body by

one person only; 0 - completely dependent, patient cannot do

activity at all. The grade 9 was an indication of a specific

comment, which can not be generalized' The feeding was

scored to a maximun of 24 points, dressing was blinging a

nraxinrum of 20, and grooming a total of l2 points; hence, t ltc

maxitnurtt for all activit ies was 56 points'

FIM -  Funct ional  lndependel lce Measure

FIM included a total of six activities of self care; two of

sphincter controi; three activities of t'elevance for mobility; two

types of locomotiott, two types of corntnunication and three

social cognition elements'totaling l8 categories. The levcls

were: 7 - complete independence (tirnely and safely); 6 -

rnodified independence (with a device) for activities which do

not require helper; 5 -supervision (100 oh), 4 - mininral

assistance (10 %), and 3 - moderate assistance (50 %) for

rnodified dependence; and 2 - maxirnal assistatrce (25 o/") and I

for total assistance (0 %) for complete dependence' The

nraximutn score for FIM is 126.
: t o
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Figure 10: QIF determined at the beginning, and after one
and two nonths of using the BCS

UEFT - Upper Extremity Function Test.
The purpose of this test was to determine differences in the
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performance of certain activities of daily living with the use of
the BGS when comparcd to perfonnance of the sane tasks
done without it. In "non-device" trials subjects used any splint
or cuffs that they would nonnally use to accomplish any of
these tasks. The perfonnance of the tasks was graded as
Success, Failure and Non Tested. The,tirne taken to cornplete
the tasks was noted. The subjects were asked to rate the ease of
accomplishing the task with and without the glove as Better,
Worse and No Difference. The following tasks were tested: l)
combing hair;2) using a fork; 3) picking up a VHS tape; 4)
picking up a fulljuice can;4) picking up a full pop/soda can; 6)
writing with a pen; 7) answering the phone; 8) brushing teeth;
9) pouring from a one litter juice box; l0) drinking from a
mug; and 1l) handling finger food.

One subject stopped using the BGS after he completed tlre
study and seven continued to use it at home after the study was
flnished. The main reason for quitting the prograrn was very
low cost-benefit ratio between using the device and no device.

Tlre mean QIF was 7.5 + 3.3 at the beginning, and reached
20.1 * 3.8, i.e. an improvement of 168%. The maxinrurn
possible QIF score is 56; hence, the determined average was
still only about 36 o/o of maximum. The improvement in QIF is
most probably the result of exercising and practice.

2 : ] . 1 5 t i 7 8

s u B . l E ( : 1 ' l

Figure 1 l: FiM determined at the beginning and after one
and fwo months of using tlie BGS

The mean FIM value for all 8 subjects changed from 44.4 *
13.5 at the beginning of the study to 64.8 + 16.6 after two
months of the training. The maximal FIM score is 126;
hence, the maximum value is still only about, 51Yo of the
normal value. The increase of the FIM must be associated not
only with usage of the BGS, but also with exercise and
getting better due to practice. Figs. 10 and I I show clearly
why the subject No #5 stopped using the system. QIF and
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FIM remained the sarne for and therefore, for him the
application of the BGS was just a burden. Although subject B
did not improved, he was motivated to continue using the
system, mainly because he is nruch rnore functional because
of the decreased spasticity (reported subjectively).

TIre comparison of efficacy in daily living activities when
using the BGS with respect to functioning without the BGS is
sutnmarized in Fig. 12. Eleven tasks are listed in the horizontal
axis: manipulating a cornb, a fork, a VIJS tape, a pop and a
slnall can, a pen for writing, a toothbruslr, a one liter package
of juice to pour the contents into the glass, a rnug, and finger-
food. The number of subjects is shown on the veltical axes.
The top panel shows results in subjects whose hand function
was irnproved with use of the BGS; the middle panel sholr's
subjects in whorn function deteriorated and the bottonr panel
slrows sub.iects in wholn thele was no significant cli l ference
Fig. 12 reflects the perlbrrnance in tlre seven subjects rvlro
continued to use the BGS. The nutnber in the "better" group
increased with time, while the nurnber in the "no difference"
group decreased.
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Figure l2: Functioning with the BGS after one nad two
months. Seven subjects who continued using the device
are included in the table

The number of subjects who performed worse was increased
over the evaluation period for three tasks (writing, mug and
finger food). Tlrese tasks were better witlrout the BGS rrrainly
because the material in the hand poftion of the gannent
obstructed finger flexion somewhat. The difference in
perlornring tasks was lather srnall in most of the subjects which
were grouped in "befter", and the judgement was based on the
time elapsed for the activity. The subjective decision befr"veen
"better" and "no differcnce" for;using the phone, handling cans,
using a mug, and eating finge/ food was very difficult after six
months. The differences wefe substantial in handling a fork, a
cornb, and a toothbruslr and handling bigger objects such as a
VHS tape and a one-liter juice container.

QIF and FIM increased after treatrnent with the BGS for the
sulrjects who started with a lower score. Scores improved by
25Yo. Tlte changes in both QIF and FIM occuned after about
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six weeks. During the last two weeks the increase in FIM and

QIF is rather small.

The upper extrernity fuuction test (Table l) result is given lbr

the seven subjects who contitrued using tlre systern allcr tlrc

evaluation. This result shows that'in all subjects there was an

irnprovetnent in functioning.

Table 1: The UEFT for seven subjects continuing to use the

BGS fro daily activity after the evaluation

The subjective statement is that in most patients the tonic

component of spasms was decreased, beirrg very beneficial fbr

grasping abilities. The strength of grasping was increased in all

iubjects similarly to what is repofted in Prochazka et al' [8]'

The manipulation of bigger objects is enhanced greatly with

the BGS.

Subjects complained of difficulties in donning and doffing of

the system. A particular difficulty was in getting the correct

position of the electrode for hand opening. Two of seven

subjects were able to put the BGS on independently, one with

littll help, and four needed major assistance' The size of

electrodes in some cases played major role in avoiding

stimulation spillover, being conka productive' The positioning

of the electrodes in this case was difficult because with a srnall

change of position the motor effect changed drarnatically'

Successful usage of the system was achieved when controlling

a push-button switch with the contralateral hand' The initial

setting of t imings, deterrnining the intervals and cle Iays

between the stimulation of and opening, thumb and finger

flexors remained basically the same tlrroughout the evaluation'

VI. CONCLUSION

There are a fair number of people with C6-C7 lesions who may

benefit from usage of the BGS. The benefits can be good

enough to make the BGS a daily-used assistive device' Some

technical improvements, specifically in relation to cosnresis,

positioning of the electrodes and donning/doffing will increase

ihe number of regular users. Subjects with a strotlg tottic

cornponent of spasticity, cornpromising the functioning of the

hand, benefited mostly. Power grasp and handling bigger

objects was greatly improved (e.g., pouring from a container,

using a telephone receiver, handling tapes). Slipping of objects

remained a probleln in most subjects even after prolonged use'

We have not noticed a change in skin texture after the study,

and the friction coefficient remained very low' It is clear tlrat

the functional status of the potential user is the most intportant

factor in deciding whether the BGS should be used as a long-

tenn assistance.
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The general conclusion is that the best candidate for tlie usage

of the gCS should be selected among C6 - C7 tetraplegics with

a FIM beh.veen25 and50, eventually up to 75 (out of 126), and

a QIF betweetr 0 and 13, eventually up to 27 (out of 56)"1'he

sccond criterion dcals witlr the nrotivation to get inclcpcnclcttcc,

which is almost proportional to the efficiency of grasping' The

BGS, alike other sitnilar FES devices, contributes very tnuch as

a therapy; however, there are some subjects in whom this type

of orthosis is valuable for irnproved grasping'
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Suppression of Noise Contamination in Control Systems with Internal Model

Milid R. Stoji6, University of Belgrade, Faculty of Electrical Enqleerms

nliian s. Mati;evie, universify of Kragujevac, Faculty of Mecharrical Engineering

Abstract - Recently, the structure design of digital feedback

*rnA tytt"ms with internal model attracts the attention of

many researches and control engineers' The basic idea hove

been presented in seminal papers by late Professor Ya' Z'

Tsypkin. The main features of proposed structure consist in

ni[h angru, of robustness with respect to changes of control

plant parameters ancl in its fficienclt of elimination of
'clffirent 

kinds of realistic external disturbances' However'

dL nature of internal model within the control loop may

produce an undesirecl sensitivity to the measuring noise that
'produce 

ripple changes of command signal anci'
'consequently, 

iluctuations of controlled variable' Note that'

in the clesign of high-perfonTtatxce speed- and position-

controlled electrical drives, the internal ruodeJ prodttces

unwanted vibratiotts of set sha,{t speed and/or angular

position dtte to quantization noise that contaminates the

feedback signal obtained by finite-resolution position

sensors.

In this paper, the sensitivi$' prooerties of process

control s,stent with intental mociel is analyzed in details

with respect to samplittg tinte, itoise characteristics, and

typical rnorlels o.f control plcnt- To suppress .fluctuations of

controllecl variable different nethocls based upon the digital

fttering of relevant feedback sigt';ais are proposed' The

resttlts of analytical investigations are venfied b1t simulatiort

nms that illustrate the noise suppressiort and effects of

ntggested modificationq of the control sclteme on the speed

of system response, stability margin, aitd system abtlity in

taking of the outcome of deterxinistic external

disturbances.

Kev worrls: IntemaL nLodel control, intennl model' pinciple,
process cont rol, compute r cotttrol

I.INTRODUCTION

In control systems, it is commonly required either to
keep the control variable on certain desired value or to track
the prescribed variable reference signal. as accurately as
possible. in the presence an unmeasurable external
disturbance. To match these requirements, IMP (Internal

Model Principle) and IMC (Internal Model Controi) assuring

the disturbance absorption are advantageously applied [1-5].

In some sense, many control strucfues include IMP or

IMC: the observer based-systems, for example. However,

different nerv control structures including IMP explicitly,

lrave been recently proposed by Ya.Z- Tslpkin [6]' In [7],
Trypkin compared the controi system rvith DvIP and H- and

fi optimal controllers of non-minimum-phase control

plants. In [-5] and [S]. the adaptive algorithm within the IMP

and rynthesis of robust-optimal control system were

proposed. respectively. Trypkin and Nadezhdin [9] uttiized

nrrp to, continuous-time control systems' The design of

tracking Eystems with IMP and signifrcaltly iong process

deadtime has been proposed in [10]. In the survey paper [11],
Gonzalez and Antskalis reviewed and compared up-to-date

control structures utilizing IMP. it has been shorln that the

Tsypkin control structure with IMP [6] reveals advantage'

*h.n .o*p.ed with the standard IMC suggested by Morari
' mdZafiiou [12].

Generally, IMP enables the elimination of different kind

of external disturbances and irnproves the system robustness

with respect to changes of plant parameters'

This paper gives an anal1'tical procedure for desigrung

of IMP-based controller [8,13] for a wide class of typical

processes fhat have their transfer function characterized by a

iteady-state gain factor, one time constant, and a transport

lag. The parlicular attention is paid to sensitivity properties

oi tl,tc with respect to a measuring rtoise' A suitable

modificalion of Ilv{P control struchrre is proposed in order to

minimize effects of the noise contamination of measuring

signal.

tr. CONTROL STRUCTURE WITH INTERNAI
MODEL

Fig. I shows the basic control structure, which includes

the internal model within the feedback loop [5,7'8-13]' In the

structure, the control plant is described by transfer functions

L/(s) and W,(s) derived in the vicinitY of certain nominal

working regi.me. Let us suppose that the corresponding pulse

transfer function are calculated from (1) as

,  1  -  e "  - . . ,  .  \  z - ' o  P 7 z t  1W(z)=t l  ,  *( ' ) )=6
( 1 )

' 1 ' e*' t' P' (t-t)
Y "  /  \  - I  

-

W,(z )=Z \  
,  

Wt (s )J :  
, € \

where z-'-u P(z-') and, QQ-') denote poiynomiais in z-l

which resolve the tlvo-input internal model of the control

piant, r'vtule polynomiais A(t-') andC(z'') (Tig l) dete-

rmine the internal modei of system external disturbance'
These polynomials are used to enable so called disturbance

absorption. Other polynomials P,(t-'), P,(z-') and

R(t-') appearing in the structure of Fig.l are synthesized

so to match the desired system stability margin and speed of
qystem continuous-time response. In Fig. 1, integer k deftnes

n a
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Fig. 1. System structure with internal model
the control piant deadtime, r.vhile: y, .y, , u. and d denote plant model output, i.e.- of the disturbance internal model
respectirrelv the controlied variable (system output), input/can be reduced. into the form
reference signal (system input), command (manipulated
variable). and exlernai disturbance. An additive measuring
noise is denoted by v. From Fig.1. z-transform ofthe internal

F(z)= P,(z-')D(z) (2)

Z-transform of the wstem output is obtained as

plant internal model contains entire informatron about the
s),stem ex1erna-l disturbance. This signal is employed to
generate the control component for disturbance
compensation. Thus, an added measuring noise affects tlle
internai model and generates the control signai components
for disturbance compensation even in the case vv'hen the
disturbance does not exist. Thus the internal model. due to
noise contamination of its input, can produce ripple changes
of command signal and fluctuations of the system output. To
suppress these undesirable effects- the suitable modification
of the control structure in Fig.l is proposed by inserting
digital fiiter within the control portion of system. In doing
so. the modified structure with IMP shown in Fie.2 is
obtained.

Another structural mddification shown in Fig.3 is
possible. This structure gives a slightly better reJult in
suppressing effects of noise contamination. However, tlre
design of system in Fig.3 is more complicated and therefore
will not be considered in more details.

Fig.2. Modified sr'stem structure

Y(,)=ffiv,r,t- (3)

When compared with other IMC schemes, the control
structure in Fig. I is superior. Namely. the suggested trvo-
input internal mcdel of the control piant has finite duratiorr

,:rmpulse response determined by orders of polynomiais
. z-'-r P(z-') and QQ-' ). Unlike of the singie-input internai
. models $ith infinite impulse responses, the use of trvo-input
:',internal modeis enables the control of both stabie anci
unstable control plants [i3]. Another obstacie of ciassicai
control structures rvith n\4P consists in the absence of output
feedback [8]. When the absorption principie is preciselv
rmplemented, the ciosed-loop transfer function of the s'stem
in Fig. i does not contain parameters of internal model aaci
thus the qystem reveals a high degree of rcbustness [6,S]
Moreover. the slnthesis of control structure in Fig,l is
relativell,- simple and may be reduced to the problem of
soiving tn'o poiynomia,l equations. The resulting controller is
more efficient [6] and of lower order than one proposed in
lr2l

Notice that the system with IMP may be significantiy
sensitive on measuring noise. Namely, from equation (2) it
can be obsen'ed that the output f of the two-input control

QQ")
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III. ABSORPTION PRTNCIPLE

Suppose that the externai system disturbance is regular,

i.e., its iz(k) sample may be represented by the finite number

izo previous samples m(k'l), m(k'z),..- m(k- m') l3i' In

,*ir .ur", there exists polynomial S(t-') of (iao'1)-order,

rvhich satis$' relation

Fig.3.Modified system structure with IMP

the kind of disturbance, the prediction polynornial S(z-') is

simply determined. For exampie, for an incline disturbance

dGD-- a1' kT + ao , the absorption polynomial

becomesS(r - ' )  =2-z - ' .

Note, the absorption principle is equivalent to IMP and

its purpose is to include the disturbance model within the

system control structure [6].

Iv. CONTROL SYSTEM STRUCTIIRE SYNTHESIS

The design of the ry-stem control structure in Fig' 1 may

be reduced to the synthesis of polynomials by solving nvo

poiJnomiai equations. First one determines the specified

lvstem closed-loop pole spectrum- e.g., the desired system

d1'namrc pertbrmance and second one govems the absorption

of given kind of s-vstem external Cisturbance'

h virrue of (3) and (4), the system output becomes

invariant to external dishrrbance if the following condition is

sailslled.

(1 -  z -  S(z - '  ) ) l1z ;  =  g (4)

where D(z) denotes z-tralsform of an external disturbance'

Relalion (4) is calied the compensating equation and digital

frlter (1 - t-'51"-' )) is defrned as the absorption filter or rhe

compensating poiynomial [7, 8, l3].
The absorption filter is designed for a specified kind of

realistic external disturbance. It has the finite impulse

response and its pulse sequence becomes identically equal to

zero after n>sno. sampLing periods. Hence, equation (4) may

be considered as the necessary' and suffrcient condition for

disturbance absorption. Having the apriori information about

,- ' -  n P 1ru 1 A1z'  ;  + 11 - z '  s 7z' '  ) )  B (r '  )  = c (z^ )R(z- )

where B(z'' ) denotes polynomiai wtrich is to be determined'

Polynomials P(t-'), A(r-'), C(t-') are knownfrom the

internal model. Polynomials R(t-') and '9(z-') resolve the

control strategy and disturbance prediction, respectiveiy'

Notice, the closed-loop transfer function of the system in

Fig.1, derived from equations (3) and (5),

/ =  ( - \ - zt-o P,1z^7

ee-')+ z'-u P,(t- ')

Hence, after speci$ing G*(z), polynomials P,(z-')

and P,(t-') that determine the control strategy are

immediately calculated from (8).

Polynomials z'-uP1z-'1 and QQ-') that determine

the two-input internal model of the s,vstem control plant are

obtained from the plant transfer function-

Polynomials A(t-') and C(z-' ), which define the

disturbance internal model, are obtained by solving
polynomial equation (5). These polynomials enabie the

absorption of an anticipated disturbance. Namely, C(z'')

represents an arbitrary polynomial of iower possible order

and polynomi als A(z-' ) and B(z'' ) are obtained by solving

equation (5). The choice of C(z-' ) significantly zLffects both

the efftciency of disturbance absorption [la] and system
filtering abilit'7. If we introduce relation

/ i )

(8)

Y(z)

Y,(z)

z'-o P7z'1P,72"1
R(z-' )eQ' ) + z--u P 7z-' 7 P,(z-' )

(6)

does not depend upon the internal model.

For minimum-phase control plants, polynomial R('-')

may be adopted as

R( t - ' ) :  P(z ' '  )  (7 )

When the system transient response and steady-state

accuracy are specified by the corresponding transfer function

G*{t), then, according to (6) and (7). the follorving

relationship is obtained

I

@
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B(t- '  )  = B'  (z- '  ) I t (z- '  )

then, according to (7) and (9). equation (5) becomes

z- ' - r  A1z ' )  +  ( t  -  z - '  S(z  '  ) )B '  ( t ' )  =  C(z  ' )

(e)

(10)

1, SEPTEMBER 1998

fiiter inserted ahead of disturbance internal model does not
affect closed-loop system transfer function (6) and thus
polvnomials R(r-'). P,(t- '), and P,(z-') sta.v unchanged.

Hou'ever. the polynomial equation (10). rvhich defines ihe
absorption condition, becomes

In the design of control structure in Fig.2, the outlined
procedure does not changed essentiaily. Nameiy, the digital

z"- r A1z-' 1 A, (z' ) + (1 - z' s 7z' ))B' (r' ' ) : c tz' )c, (z'' )

After selecting the lorv-pass digital filter of an
appropriate bandwidth. the polynomiai equarion (11) is to be
soived. To this end, poll,nomi aJ C(z-') may be adopted and
then polynomials A(z-' ) and -B'(z-') are calculated from
( i 1 ) .

In practical applications. ripple changes (ringing) ofthe
command signal are undesirable. As it is known [14], the
ringing of control variable occurs when the controller
transfer function has poles (real or conjugate-complex)
inside the left hand side of the unit circle ofz-plane. These
poles mav be eliminated, as in the design of Dahlin's

V. EXAMPLE

The outlined design procedure is iliustrated b1' an
example of temperature regulation in the water-cooled
exothermic process shown in Fig,a [14].

The process transfer functions are identified as

controller. by substituting rI
factors.

( 1 i )

into reiated polynomial

where AI is a temperature decrement ir "C due to water
flow g in Umin and d is an external disturbance due to
temperature changes in of cooling water and process
environment. In another variant. transfer functions of the
same process may be approximated by two time constants
and transport lag, i.e.,

-0.015- e-'.0" 'C

AI(s) -0.015.e-" '
I ' V t . C l = - = - -'  \- /  

O(s) 12.55s + 1
A T ( s )  e a 6 s

t t /  I  ^  |  _"  r \ " /  D (s )  i 2 .55s+1

w(,)=fr$=

COOLIATG
WATER

For a constant reference temperature 7,, the zero steady-
sate error is required. The system continuos-time step
response is required to be governed by closed-loop transfer
firnction with dominalt complex-conjugate poles having the
reiative damping coefficient ( : L and undamped nafural
frequency otn= | rad/s.In addition, the qystem must be able
to absorb ramp and slow varying external disturbances.

We consider the process described by (LZ). Sampling
period is assumed to be Z:1.15 min. Then the process pulse
transfer function is determine d by Pr(z-') = 8.756 .10' z-' ,

QQ-') = 1, - A.912442-' and z-I-k P(z-I) = -L.3L3'104 z-' .
The same polynomials define the process internal model.
According to the desired closed-loop system poles and
adopted sampling period, the pulse closed-loop S'stem
transfer function is derived in a straiehforward manner as

0.466985

' C

ti**
. C (12)

' C

(1  3 )

(1i .Sas+1)(2.61s+1)

Time constants and transport lags in (12) are given in
minutes.

(1 1.84s + 1)(2.61s + 1)
^-?.0s

Ii""t
"C
" C

LT(s l
w , ( s ) =  o ,  1 =

TEMERATURE

Fig.4. Exothermic process control
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From equation (7), one gets R(t-')=-1.3L34'I0-'.

Norv, soMng equation (8), one obtains polynomials
P"(z- ) :0. !4 '7458-2j77647'L0- 'z- '  and

P,(t-') = 0.466985 - 0.7303662-' - 0.1293'/'/ z2 .

To enable the absorption ofgiven class ofdisturbances,
we solve equation (10) to obtain the internal model of
disturbance as

1, SEPTEMBER 1998

( i5 )
CG, 

- 
(1-0.12-')'

Measuring noise v is modeled as a stochastic signal

with mean value p:0 and standard deviation o:0.01, Fig.5

shows the pulse sequence of v used in the investigation of

the proposed control structure efficiency.

Fig.5. Pulse sequence ofnoise signal

50 100

a )

Fig.6. Disturbance signals used in simuiation runs

50

The investigation of system properties was carried out
b-v-. simulation. Figs.7-9 show the results of simulation runs
for the system output (Figs.7-9 (a) and (b)), when the
measuring noise is not encountered, and for the system
output contaminated b1' measuring noise v figs. 7-9 (c) and

(d)). Effects of measuring noise rnay be
stochastic di"fference signal obtained as a
related pulse sequences of Figs. 7-9 (d) and
The diflerence signal has the standard
o =3.277774'10- '  .

observed
difference
Figs. 7-9
deviation

b1*
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(b).
of
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Fig.7. Illustration of control struchrre operation in the absence of an external disturbance
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4 4 0 0

4200

4 0 0 0

3 8 0 0

3 6 0 0

a )

c o m m a a d  q [ 1 / m i n ]

l [m 1n ]

5 0  1 0 0
c )

c o m m a n d  o l 1 / m i n

m i n
3 6 0 0 1

0 f ,U

a )

To suppress undesirabie effects of the output contamination
bv measuring noise, the system control structure is modified
by introducing the third-order Butterworth digital frlter [15]
with baadwidth of rt:0.2.f/2: 0.21(21):1.4s.10-3 FIz and
transfer firnction

A,( t - ' )  
_ 0.0181 .(1+ z-t)3

(16)
c,(z-' ) 1 -1.762-' + 1.18292-2 - 0.27812-'

Solving polynomial equalion (ll), one obtains

9 1

9 0

r [ "c ]

5 0
b )

system
r n p u t

0  5 0
d )

9 0  . 4

9 0

9 0

4 4 0 0

4 2 0 0

4 0 0 0

3 8 0 0

4 4 0 0

4200

4 0 0 0

3 8 0 0

9 1

t lm i r l

t [ n  i n ]

t l n  i n ]

9 0

9 0

9 0

9 0

3 6 0
I

9 1

1 0 0

Fig.8. Illustration of control structure operation in the presence of external disturbance shown in Fig.6 (a)
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Fig.9. Illustration of control strucfure operation in the presence of external disturbance shown in Fig.6 (b)

I 0 . 4

9 0

9 0

8 9

9 1

9 0 . 8

9 0 . 6

9 0 . 4

9 4 . 2

9 0

sysrem
i r p u t

A(r-') 5.4026313 - 4.67363732 '
(r1)

n t  - l t

L \z  ) (1-AJz-') '

Effects of proposed modification are visualized b1'
Figs.10-12. Now, the standard deviation of difference signal

is reduced to o = 1,.040332.10-2 . Hence, the inclusion of

digitai fiiter produces positive effects in suppressing
measuring noise contamination. In the same time, the
effrciency of disturbance absorption is not significant$
deteriorated.
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Fig.10. Illustrafion of control modified structue operation
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Fig.12. Iliustration of modified control structure operation

if rve modi-fo djgiLal filter 116) into

tjyA,(z-') 
_ 0.144791

ct(z-') 7-1.762-' +r.r!29z' -0.2i/812'

its filtering abilities stightly aggravate but in tu* ihe
solulion of polynomial equation (11) becomes easier and the
disturbance internai model obtains lorver order

0  5 0  1 0 0- d )

9 0 . 5

s y s t e m
o u a p u l

1 0 0 o  5 0 1 0 0

in the presen"" lr.o"rnol disrurbance in Fig.6 (b)

A( z-'\
:  = s.571684- 4.5776842 '

c(z' ' )
(  1e)

Moreover, the standard deviation of difference signal

becomes o = 1.121,1088 . 10-2 . According to Fig.13, the

disturbance absorption is slightly improved-

0 )

3 5 0 0 1
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Fie.11. Illustralion of modified control structure operation in the presence of external disturbance in Fig-6 (a)
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Fig. 1 3. Illustration of modified control structure operation ia the presence of extemai disturbance in Fig.6 (b)

Having smaller sampling period, the disturbance of rystem control structure. For example, under the sarne

absolption becomes more effrcient. Nevertheless, the choice technical requirements concerning the qualif,v of systeni

of a ne1v sampling period would require the repeated design transient response and for smailer sampling period of T:0.23

39

r [ ' c  ]

5 y s t 9 m
r n p u  L

r [ ' c  ]

s y s t c  m
l n p u  I

\  r l n i n l  i



ELECTRONICS, VOL.2, NO, 1, SEPTEMBER 1998

min, tirc follorving polynomials within the system control
structure are calculated

t' 
-u p 1t" 1= -2."r 23 g 6'7 1. r0' 4. z-1 t, e 61 ): | -0.98 1 8.e-r .

Re-1):-2.'72396i Lta 4, Aeay:3.1 6t'13-3.48T.2 1 .
Clzi 1=1t-0. l.t t )tt, P r(tt 1:g.l 269 1 I -0.08 sg r4g. t1 .

lr,.1i1 1:+.22164. rc-?+z.563 5. r0.'2. z'1 + 1.40g5. l0'z.z'2 +
6. |9 93. r0 2. z'3 +g . sg3i . ra'z. z'a -2.3Bg. r0'2. z-s -

4. 4a 19. r0 2. z-u.5 . 487 . 1 0-' - z'' -5.9 4. r0-'. z-t -

5.97 5 4 - 70-2.2'e'5.7 45 46. 10-2'zr o .

Now, the added pneasuring noise is modeled by the
signal with standard deviation of o:0.01. The standard
deviation of difference signal is now a:4.4252.10:. The
results of simulation runs are shorvn in Figs. 14-16.
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Fig.14. lliustration ofproposed control strucfure operation in the absence ofextemal disturbance
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Fig. 15. Illustration of proposed control structure operation in the presence of external dishrbance in Fig.6 (a)
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Fig.16. Illustration of proposed control structure operation in the presence of extemal disturbance in Fig.6 (b)
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The suggested modification of control stmchrres norv is

performed by introducing the third-order Buttervorth digitai

filter rvith bandrvidth of f1:0.2'f/2: 0.21(27):1.216'10'3 Hz
and transfer fuaction

0.0181 .(L+ z") ' (20)
n / - -1\  t  t  t<--1 +1. !8292'  -A.27872-,
\ - J \ L  )  

L - L ' t v L

With (17), the solution of polynomial equation (11)

yields

1, SEPTEMBER i998

A(z-' ) _ 5.L15083 - 4.801273 z-'
(2r)

(1 -  0.12- ' )  "

. The modified control structure is tested be simulation
runs. The simulation results are shorvn in Figs.17-19. The

standard deviation of diflerence signal no'!v is
1.4673111.10-t. This value is 30 times lower than in the case
wherein the dieital filter is exciuded.
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Fig.I7. Illustration ofproposed control structure operation in the absence external disturbance
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Fig.18. Illusttation ofproposed control structure operation in the presence ofexternal disturbance in Fig.6 (a)
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Fis.19 Illustralion ofproposed control structure operation in the presence ofexternai disturbance in Fig.6 (b)
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VI. CONCLUSIOI{S

The developed procedure enables the design of systcm
rl,itir the prescribed dynamic performance and ability to
compensate an anticipated class of external disturbances. As
it is shorvn, the controi structure based upon IMP mat
become highly sensitive to a measuring noise, which get
u'orse the overall system performance. The shortcoming rnay
be significantly reduced by applying the suggested modified
control structure, which in turn stightiy deteriorates the
systein ability to absorb external disturbance. The
appropriate choice of tire sampling period and lorv-pass
digital filter is of great importance for effrciency of proposed
modified control algorithm: othenvise, the suppressing of
noise contaminating may reduce the s-ystem abilities in
disturbances absorption. Notice that the outiine design
procedure inay be applied in straightfoni,ard manner for
control of a t'ide class of minimuin-phase processes.

The utilily of proposed algorithm has been tested by
numerous simuiation runs. It is sirorvn that the choice of
appropriate control larv is of great impofiance for systeil
efficiency in both the quaiilv of sl,stern transieur response
aud effrciency in disfurbance absorption. Namel.v. tlie
cornmand signal in a ry.-stem s'ith IMP coilprises trvo
separated components: first one- generated by disturbance
iniernal model, absorbs the erlernal disturbance and the
second one. gellerated b1. s1'stem controlier, govems tiie
desired s)'stem continuous-time response, and these
conponerlts are adjusted independentlv. Holever, ihe
disturbance interirai model may produce by its nature a
significant sensitivifv of the controi system with IMP with
respect lo measuring noise and therefore the insertion of
digitat fiiter rvithin the s-vstem control structure iras been
proposed in order to suppress the noise contamination of
slstem output. But, filtering abilities of the modified
disfurbance internal modei and its efflciency in disturbance
absorption are hvo opposite requirements that may be
balanced by an appropriate choice of sampling period.
Namely, rvith a great sampling rate the efficiency of
ciisturbance absorption is improved, but the system
sensitivity to measuring noise may become impermissible.
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AT\ APPROACH TO THE DESIGN OF A SELF-T{'NIT{G COI{TR'OLI'XR USfi{G STATE SPACE APPR'SACH

Branko Kovaievic, ieliko Eurovic and Liubiia |u{iikovic
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Abstract
A netv class of self-tuning controllers thst makes use of

stqte space innovations model and single stage

perfonnance criterion, with a cross weighting term of the

systems state and inputs, has been considered in the paper'

The new advantage of a such type af controllers include

relative simpticity of their derivation and implementation'

It has been also shown that the proposed controller may

represerut an eficient tool for fracking as prespecified

reference state trajectory of nonlinear and nonstationary

type systetns in the presence of stochastic disturbances

vith unknov,n statistics.

Key Words: adaptive control, self-tuned regulators,

neighboring sttboptimal control, stochastic syst€ms'

In{TRO}UCT'ION

The problem of adaptive control of linear discrete-time
stochastic systems with unknown model parameters have

drawn rvide attention in recent years- Trvo groups of

oplimization based adaptive controllers have been rvidely

studied in the literafure. The first one makes use of the

state space representation of the concerned system coupied

with the iinear quadratic Gaussian (LQG) oplirral control

theon and a sequential parameter estimation technique, in

order to obtain an adaptive filtered state feedback

controller |.L,3-6,L6,L9,201. The oplirnal adaptive controi

aigorithms so obtained have the advantage of being
globaily stable, of being applicable to any finite

dimensional controllable and observabie system, and of

providing with an effective control of the errors in tire state

trajectories. These are, horvever, achieved at the cost of a

ratirer large cornputational burden, rvhich tnakes it difiicult

to implement these algonthms reai-time lor some practical

systems. The second group makes use of the input-output
representation of the system coupied with the minimization

of a generalized output error variance [7-9,11,I2,L5,231.
The main advantage of a such type of controllers, narned

self-funing controllers, include relative simplicity of their

derivation and impiementation. Horvever, the performarce

index selected for this approacir does not minimize the

errors in the staie trajectories, as may be required in sotne

applications. Also, the globat stabitify of the controlled

s]-stem requires the inverse system to be stable, which may

exclucie soine non-minimum phase qpe systems. Finally,

the self-tuning controller design tends to become

complicated for mul tivariable systems.

In tiris paper we propose a new class of state space

self-tuningcontrollersthatrepresentsacombinationofthe
tnentionedapproaches.Tireproposedcontrollermakesuse
of the steady state imovalions model' in observer

canonical fonn, of the concerned rystem coupied witlt a

single stage quadratic performance index r'vith a

cross--iveighling term of the qystem states and inputs' Tire

state estimator gain matrix is computed directly using the

equivalent auto regressive moving average with exogenous

input (ARMAIQ representation of the adopted state space

*oct.t, and the pammeter estimation algorithm' Such a

generalized quadratic performance index is used to exert

adequate control influence on the qystem states over the

entiie sample period, and not just at sampling instants' For

example, such a cross-weighting often helps to reduce the

inter-iampling ripple in the dead beat control of krorvn

system [6]. Thus, here it is proposed to extend the idea of

cross-weighting between the control inputs and the system

states to adaptive control. Furthernore, the choice of a

single stage performance index, coupled wiih the

irrnovations state-space mode1, helps us to decrease the

computational requirements, and simplify the adaptive

feedback controller implementalion. In fhis rvay, the

controlier gain matrix is obtained by solving an algebraic

equation, and not a rnatrix fuccati equation, as is dre case

r.r,ith the optimal LQG conrroller. rvhile the state estinator

gain is computed directly using a parameter eslimation

algorithm. To demonstrate the ef,fectiveness of the

proposed controller. rve design the controller for a missile,

representing a higher nonlinear and nonstationary tlpe

system. In this application, the controller is used to track a

prespecified nominal state space trajectory in the presence

of stochastic disturbalces with unknown statistics.

IIPROBLEM FORMULATION

Let us consider the sYstem

x(lr + t) = or(k) +Yu(k)+Tw(k)

y(k) = Hx(k)+v{k)

(la)

(1b)

where r(k)eR" is the state, u(k) eR^ is the input and

y(k) e R' is the output of the svstem, {,(r)} ana {v(r)}

represent the disturbance terms and O,Y,f and H are the

system natrices. Let us also make the following

assumptions: (Al) the upper bounds of the dimensions r,

m and p are knorvn; (A2) tire system matrices are constant'

but rinknorvn, and constitute a stable controllabie and

obsewable plart (l); (A3) the disturbances {u'(f)} and

{"(,t)} are stalionary zero mean lvhite Gaussian sequences

with unknorvn, but bounded, covariattces
^  - f  t , \  I r , r l  - f  r , r  l t r - r l
Q= Elw(k) t r ' (k) ]  ar td  .R = Elv(k)v ' ( t ) - } ,  respect ive lv :

(A4) the initial state r(0) is a Gaussian randotn variable

rvith knorvn mezu. t(0)= r{:r(o)} and covariance
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P(0) = E{("(0) - ;(0)Xx(0) - ;(o))'}, (A5) the ranciorn

variable x(0) and the noises t"(lr)] ana {v(f)} are

independent of each other for all A > 0.

index
Let us introduce the single stage perfonnance

r(u)= r{rlx1n+r),i l(ft)]} (za)

u,here the criterion, or risk. functiori l(.) ltas the expiicit

form

. r  , .  . \  , , \ r  |  , 1  , ,  , , , - , [ l i  ' s ' l [ r ( / ' { * l ) l  . ^ . .L L x ( k +  t ) . u \ k ) J =  [ , f ( k +  r J  ' t l / L J J I  ^ ,  . . l l  / .  \  |  ( 2 b )
Lr u)Lu\K) j

Note that the expectation is taken over the distributions of
tiie random variables concerned. and I'Y and ,S are constailt,
bounded and iron-negative definite ri'eighting rnatrices
(l4i>0,5 >0), while U is constant, bounded anci positir,e

defrnite r.veighting matrix (U>0)

The control problem in question may be tlten
stated as follows: given the s1,'stein model (1) under the
assrunpl ions (Al)-(A5).  f ind t l rc sequence {*1f) . t t  > 0} sc

as to as]-mptotical11, Crive the expected value of tire state
, - r  /  \ l
f {::(l:)} [o the origin of rhe state space, rr,irile minimizing

the pefonnance index (2).

'- [t siiould be noteC Lirat the right hand side of eq.
(2) represents tlie expected value of a generai quadratic in
the stirte r(ft + 1) and tire input zr(l?). If the desireC value

of the state is nuli, that is. if u'e consider tire so-called
regulafion problem, tlien the perfonnance index {Z)
inciudes the state errcr yariance, so that tire control
obtained by rninirnizing (2) rvill be referred to as the
minimurn state error variance (r\,,{SE\D control.

We norv introduce Lhe set of past obselar,ions
r  ,  . -  ,  , t

)  ( k  -  l ) =  l y ( O ) . . v ( ] J . . . . , . v ( k  -  i ) ]  ;  A ' >  0  ( 3 )

aad res,rite the rigirt hand side of (2a) in the fonn

|  |  r  /  \  /  \ r  r r
. / ( t t )  -  E , ,o_u lE^o, r , , ,1oy l r l " (L  +  t ) . r ( r ) j1 t ' (k  -  l ) , } j  (4 )

u,here the first e,rpectation is taken over the distributiott of
tire past set of data and the inner expectation is taken oter
the distribuiions of x(f +t) and u(ft) conditioned on the

past data set in (3). As is u'eli knorvn [2-6,lll, minimum
vahie of tlie perforineurce index (2) rnay be achieved by
minimizing the imer expeclation alone

. /  \  - l . l  r '  , : ,  / 1 \ \ r . / 1  . ) l  
f 5 )J , \u )  =  L lL tLx \K +  L) 'u \K  )J l r  (K  *  r , r

To facilitate tlie derivaticn of the desired adaptive MSEV
control, let us consider f,rst the case where the
perform:ince index (5) is to be minirnized for the stocirastic
system (l) r,ith all tite model parameters and noise
variances knoivn.

ruI MINMUM STATE VARTANCE ERR.CR

CONTREI. OP K]{OW}{ SYSTEM

Tiris is a sirgle stage stocilastic optimal control problem

t,hicli rnay be easily solved by rnaking use o[ the

variational calculus. In order to do so, note frrst tltat tile

right hand side of (5) inay be rewritten, after making use of

( la) ,  as

J,(u) = r{ l r ' (n)a'  + u'( tc)v'  +w'( l ' )r ' lw "
* f co'(r) +vu(tc) + ru (,t )] + ur (r)uu(r<) + (6)

, " 1 . . r ( r , \ n , r ,  " , 1 ( , \ " , r  
r r , t . - r 1 . '  r ,  I

T L L ,  \ t u J e '  , ,  , k ) Y ' r  + r v ' ( k ) T '  l s " ( k ) l y ( k - l ) i

To find the r,alue of u(k) that minimizes the perfonnance

index (6), $'e rnake use of the first order necessarl

condition

sr?d'l,(tt) =g Q)

'fo 
evaluate the gradient explicitly; lve make use of the

niles for diferention of the inner product and the quadratic

fcnrr rvith respect to vector qua:rtjt ies

A ,  ,  A ,  ,  A l

J ^  ( b r a \  =  + ( a ' b ) = 6  .  - 1 -  l a ' . q a ) =  A a  +  A r a  ( 8 )
d a '  c a '  c a

On evaluatin g Lhe gradients of the inner products and the
quadratic forms in (6) by using tire iules (8), and taking
into account the eq. (7), rve ihen obtain

e{z(v '  no  +  s ro)x (k ) l  }  (k  -  l ) }

+ r{z{,y' tt^v+v +zY'^s) u(k\tv(k- t)} = o 
(n)

|  \  J  \  / '  r  ' J

Here is used tlie fact that some terms in (6) are
independent of the input 

"{k) 
and, thus, does not

contribute to the gradient. Since tire rnatrix

{v'r,roy+rL +zY's]; is invertible under tire assumption\ . /
on U, rve may solve tire equation (9) to get the foilorving
MSEV control laiv

,(k) = ̂ 4i(k) ; i(,t) = r{ '(r)1r(/. - r)} (roa)

r.vhere r've have defrned the matrixMby the reialion

71 = -(v 'wv +u +zy's) 
' (vwo+s'o) ( t0b)

and have used the notation i(k) for ths conditional
r  / , \ t . . , ,  . , 1  ^ 1 , \

expectauon tttx\k)lI (k * tJJ. uI course, r(/dl represenm

the minimurn variance one-step-ahead prediction of tie
state r(k) ard may be generated by using the weil knos'n

Kalrnan predictor [1 1,3,10, 13, I 5,L9,2A]

; ( t+t)  = oi( , t )+vu(rc)+rvrQc)e(r)  . - . .
y(k) :  a iQe)+upt)  

(11)

44
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',.,tr"r" {n(fr)} is ilre innovations sequence ard f(f) is ttre

oplimal Kahnan gain matrix. For knorvn systems'

assrrrning tlte knorvledge of tlte rneasurement noise

covarianie R, rlie Kalinaa gain matrix may be compuieC

from tite relallon

r(r)= e(tc)u' inrQr)a'  +a) '  c2)

Here R is tlre covariance of {"(f )}' and

p(k) =E{('(r)- t(k))(r(k)-;(rr)) ' l r(r - r)} is the

co'ariarce of the error ;(r) = x(r) -;(r) in the prediction

t(,t) = E{"(ft)iv('t - l)i' wiricir mav be obtained bv solving

t}le Riccati equation with assumed initial conclition i(0)

\ - l
* R J  x'  (13)

ar(r)laf +tQrr

rrith O being the cot'ariattce of {t '(f)}

Eq-iration (l0b) shows that the controiler gain

lnainli 14 nay be determined by solving an algebraic

relation. and that the rnain computational bitrden arises

fi'orn the need to multiply the various tnatrices involr'ed in

f t0b) :rnd to lnved tlie tfixm tnatrix

(v'l lv + cr +zY's). Note that the dimensiott of u(ft) is

usualh' tnuch lorr'er that of r(f ) so that the inversion in

tiris case lna]' not be computationalh' ve4' erpensive'

Ho$eYer. the Riccati equation (13) is required to be solr'ed

for geirerating the optimal state predtction i(k)' In the

next section, n'e shali shot'that in the case of an unknolvl

s]'sten an asymptotic state prediction mav be achieved

after a direct estimation of the parameters of the

innovatious mociel (11). rvithout requiring an erplicit

krrorvledge of t"lre noise covariances.

N/ ADAPTNts M{HI&{UM STATE VAR{ANCE

ER.ROR CONTRSI,

Let us consider norl' the case lvhere ail the system

parameters of the morlel (i) are unknorln and need to be

estimatecl recursively before the control algorithm rnay be

irnplementecl. To ensure identifiabilitl. lve replace tire

rnociel (1) by the sleady state innovalions rnodel in obsen'er

canonical fonn

;(r + i) = @t(ft)+ vz,(ft) +re(k) ( l 4a )

y(k )=  n \k )+e(k )  ( i4b)

n'lrere the tnatrices rD and II arc assumed to irave the

foliou'ing fomr

' '{k) = z'(tt)o+ltt)

$4rere O is the vector of unknorvn parameters giverl as

r  |  -  - l
O '  =  

[ o ,  , . . . - a n , b r _ . . . , b , , , y  t .  . . - ' 1  , , )

The problem of parameter estimation of observer

state space form (14) rnay be solr'ecl by taking advantage of

the fait that the rnoclel (14) tnal" be equivalentlv expressed

in tire form of a r: dimeilsiol.lal autoregiessive rnoving

averagc model rvith excgerroils ilput, ilie so-called

ARMA-X model, given beicw by 1T7,18,21'22]'
!  . \  t  |  , \  , . r  - . (  ' \  r

, t ( q ' ) ' ( l  ) -  u ( , r - ' ) , , ( t ) * D ( q ' ) a ( t )  1 1 5 a )

rvhere g-r is the unit delay operator. The polyiromials'4, B

and D have the follorving fonns

n 1 \ 2

e(q- ' \  =  I+Za,q- '  .  R l ,  ' )  =Lu, r - '
\ , ,=r ,=r ( l5b)

o(q' ' \ -  r t fa,q- '
\ ,

The coeff ic ie nts a.,b. ' )o o, ' , i  =r, . . . , t tare easi ly obtainerl

frorn the elements of the rnatrices Y and f ; that is [17,18]

Y 1  = b ,  . ' - ^ l  , = d , - a , ; i = 1 , . . . , t t
(16)

It is eiisy to check that the assurnption (A2) impiies that

the polynotnials ,4 alcl D are stable (tirey have a1l their

roots inside tire unit circle). Moreol'er' it is possible to

express the ARMA,X forrn (16) in the foiiou'ing linear

regression form

"'|l
with Y and f being the general nxl vectors' respectlvety'

Let us assume tliat these rnatrices are given by

i x l  [ r ' l
w = l  i  l . - = o K = l  :  I  ( i 4 d )Y = l  l "  

-

i""J Lt"_l
Note that there is no loss of generality in such a canonical

choice of the matrices @ and 11 in view of the assumed

obsenability propefty of the system' Note also that tire

matrix Fl has no unkno',vn element, r'vhile the nunrber of

unkrro lvneienents in-<Disreducecl toror i ly . Inaddi t ion,
the r:ectors Y and f may have all non-z'ero eiemen$

wbLich need to be eslimated along witir the n fiorr'zerc

elentents of O.

r(ft +r)= o[r1r; - r(rc)n'(ue(k)H'

(i4c)

(I1a)

(r7b)

znd. Z(k\ is the regression vector containing approprlate

set 0fpast outputs, inputs and innovations
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(i 7c)

Once the regression model (17) and (18) is obtained, a
recursive estimation of the parameter vector O may be
achieved using a number of alternative algorithms [17. l8]
Here. we irave made use of the pseudo-linear regression
algorithm [21.22)

e(r) = o1r - r) +c(tc)e(r)

e{n) = y(k)- z' (k)6(k -r)

G(k) = r(k -r)z(k)

performance index has been mirumized. The major
computational requirements of the MSEV controlier arises
from the parameter estimation algorithm (i8), whicit is
central to tile irnpiementation of any fonn of adaptive
controller. It is possible to sirow that the MSEV confroller
for known system rvill be globally aqymptotically stable
provided the triple{{l,Y,H} is completely controliabie

and observable. and that the weighting matrices are chosen
so tha t  W>0,u  >0  and , l / -S{J - tSr  >0 ,  [11 ] .  Thus .  i t  i s
important to note that the choice of weighting matrices tr{
S and t/ is not completely arbitmry and, in practice, these
matrices ruust be bounded, constant and must satisfy
assumption that the matrix W - SU-t Sr is positive.
semr-definite, as well as that YtS is a Drnmetric posirive
semr-definite matrix, in order to ensure stability.

Fig. 1. An adaptive MSEV controller

V NEIGHBORTNG MINIMT]M STATE ERROR
VARTANCE CONTROLLER

The method discussed in the paper may be extended in
order to design estimated state feedback controllers for
nonlinear nonstationary systems with non.zero reference
inputs. Some results along these lives have been discussed
in the following . A scheme for a such implementation of
the MSEV controller is shown in Fie. 2.

z'(k) =l- .r(r ,  -  t) . . . . .  -y(r -  r) ,

u( t r  -  t ) . . . . .u { t t  -  n ) .  e ( t  -  t ) , . . . .e ( tc  -  n ) l

* lr+ z'Q,)rG - t)z(k)]- '  
(r8c)

,l r +'z' 1t 1r (k - r)z &)l-'

( l8a)

(18b)

r(k) = r(k - r) - r(k - t)z(4zr (k)r(k - r)
(r8d)

These equations are initialized with an assumed initial
A . . ^ restimate O(0) and initial covariance I(-i) and ma1,' be

expected to converge to the correct parameter values under
certain conditions. Namely. if the polynomialsl and D are
stable. and the poil.nomial D satisfies the strictl1,

reai-positive 
"ondition 

xe{tt n(o-')ttz}>0, then it is

possible to shotv that the parameter estimation algorithm
(1 8) yields the foliowing convergence result

r )
Pl i imo(k)= oo f  = I

l * + @  )

where @o is the true parameter vector.

Note that the parameter estimates O(f) yetA tfre

corresponding estimares ,i1f;, ,?(f; anA f(f) of the
matrices O,Y and f of the innovations model (14). Thus,
the adaptive MSEV controller tha't minimizes the
performance index (5) is obtained easily from (i0a) and
(10b) by replacing the system matrices by their estimated
vaiues. The state estimate f(k) in (i0a) is obtained from
the adaptive Kalman predictor (11), where the unknown
system matrices (D,Y and f =@K are replaced by their

estimates ,ir1L;,,?1i.; aoA i1fi, respecrivety. The btock
scheme of t}re adaptive MSEV controller is given in Fig.1.

It must be pointed out that the innovations sequence

{e(tc 
-t);tc - 1,2,3,...} is usually unmeasurable ard,

therefore, this sequence must be replaced by its estimate,
gwen by (14b), in the regression vector (17c).
Furthermore, the proposed adaptive state feedback
controller is analogous in form to the LQG theory based
optimal adaptive controller. However, a considerable
reduction of the computational requirement has been
achieved by the MSEV controller, at the cost of some
performance loss, since a single stage quadratic

controiler

gan M

MSEV controller

46

Fig.2. A neighboring adaptive MSEV confroller



Here u,,r(k) and y,"r(t) define a deterministic referettce,

or nominal, trajectory.
In practice, the reference trajectory is obtained

either by developing a complex nonlinear tnathematical
models of the concemed system or by sirnulating about
solne reasoltable operating conditions. Before we contiuue
the discussion, consider the following exarnple of a rnissile

control around the state reference trajectory exposed in the
literature tl4l. A rnissile motion is described by 12
standard nonlinear differential equations given belorv
a) Dynamical translatory equations in body axes:

1

. p v
n = -3-lCDcos(oc)cos(B)+c-,, cos(a)sin(|)) (re)

+ C, sin(or.)J+ T I tn- gsin(@)- qw +n,

' , 2

, = -Tl-co sin(l l)+ c, cos(B)] (20)

+gsin(g)cos(@)-ru+ pw

ol/2
, = -' '. VC, sin(a)cos(p)- C, sin(cx,)sin(11) ,,1, \z  -  l / t )

+ c, cos(oc)l- g cos(o) sin(Q) - pv + qu

b) Dynamical angular equalions in body axes:,

b=c, ipv'sat 'a

T
, = c,tpv'sd I c +((A - a) pq) t c

c) Kinematical @uler) equatiorts:

$ = p + (r cos(q) + q sin(g)) tan(o)

@ = qcos($)_rsin(g)

ry = (r cos(g) + q sin(g))/ cos(o)

d) Transformation of ground speed frotrt body lo

coordinates

X = acos(@)cos(r1r)

+ v(sin(ry) sin(@) cos(ry) - cos($) sin(qr))

+ r(cos(S) sin(o) cos(ry) + sin(g) sin( y))

I = u cos(@)sin(v)

+ v(sin(0) sin(@)sin(y) + cos(,b)cos(v,))

+ r"(cos({) sin(o) si n(,y) - sin($) cos(ry)')

z = -r, sin(o) + v sin(g) cos(o) + w cos($) cos(o)
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The absolute value of missile speed I/, angle of attack ct

and angle of sidesliP B are given bY

r ,  ,  ,
1 t  = \ l U  + 1 ,  + l t /

- t '  ^  l u  ,  r
cx, = lari 

' \tv 
/ u) : f1 = tan 

'(r ' l  tt)

Tlre parameters A, B and C in eqs. (22)-{24) are titne

varying, since they are dependent on the missile mass and

the drag force, while the aerodynamic coefftcients

Co,C*C^,CL and C, represent the fuitctions of angles cx'

anrl p , the angular velocities p,q, r and the alrgles 6,, '6n

aud 6n. Thc last tluee attgles are tlte iuput variablcs

satisfying the bouncled condition l1l<a.Zrad. Thus, in the

noulinear slate spacc equation

*( t)  = f  (x(t) ,u{t))

where x(r) e n '' is the state vector defined by

x( i r )  =  [a ,v , r  v ,  p ,q , r ,+ ,y t ,0 ,X ,Y ,Z ] r

and r(r) e Rt is tlte control clefined by

z r ( r )  =  
[ 6 , , 6 ,  , 6n  ] '  

( 35 )

rvherc lhc tltrcc clctneltts stand for ailerolt. elevator altd

nrdder, respectively. Tlte reference, or nominal, trajectoty

is specified in tlte (X 
"Z) 

plane. taking into account the

Ilight conditions and tlte real capabilities of the concerned

rnissile (see, Fig. 3).

0 5000 10000 15000 20000 x'o"'

Fig. 3. The nominal trajectory

Earth
Adclitionally, we need to calculate the notninal cotrtrol

u,,"^ =la;- ,aT^ ,6";^f across the reference trajectory

Z"o'' . However, since the trajectory is defined in tlte
(28) vertical plane ()'=0), it is natural to choose 6o" =0 and

6'ji- = O. The notninal coptrol 5r'"' is calculated using the

strategy of predictive cpntrol. Namely, it is assumed that
the control signal 6n(r) is constant within tlte several

/ro\ sanrpling pcriods (the sarnpling period is cltosen to be
\L" ?-= 0.5s). and tlren tlte notttinal control is calculated so to

miuimize the deflection from the specified nominal state

trajectory; that is

(30)
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(3 l )

(32)

(33)

(34)

u =(r^|ov'sa r n + (c - nYn)r n

(22)

(23)

2nnn
(24)

2500

2000

1 500
(25\

1000

500
(26) o

(21)
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\ - t l n t l r m \  t - , / t ,  r - \  - n o n t l t ,  r , - \ \ l
oa ( f f /  /  =  a rgrn i l \ z \ \K  + t?) t  ) -  L  \ \K  +n) r  ) )  ( ro )

Hcre Z((fr +n)T') clenotes the value of Z-coordinate at the

instirrrt (k + n)l' obtained by solving the nonlinear

sl.aLe-space equation (30) under the condition thal the
control signal 6r(r) is coristant/over the n consecutive

sampling periods k,k+1,..,,k+n-|, respectively, ancl
6* =6, =0. For performing this task ore can use, for
exarnple, the Runge Kutta rnethod of the four{r or fifth
order. Fur-thermore, one can use a gradient t)?e procedure
for solving the optimization probleru (36) (tltis problent
reduces to the task of finding the nrinimum of a scalar
fi.rnction Z of a scalar argulnent -D Of course, the horizon
of precliclion /? represents a lree pararneter wltich n]ust be
chosen in advance. A srnaller value of ,? will result into the
coutrol signal 6, very close to the prespecified bounds
+0.2rad, thc so-callcd bang-bang control signal, in orclcr
lo minilllize zls soon as possible the deflections fiour the
nominal trajectory. Ou the other hand, higher values of rT
rvill result ilto the control signal wilh srnaller dynaurics.
rvhich is not in{luenced too much by the given contlol
bounds. Florvever, this rvill yield a rather large deflections
frour the given uominal state trajectory. Figs. 4 and 5
depict tlrc control signal 6, for different values of the
prediction horizon, rvhile Fig. 6 shows the corresponding
deflections frorn the norninal trajectory (see, Fig. 3).

analysis, we choose n:4 . The calculated nominal control
for tlre chosen horizon of prediction n is given inFig. 7 .

250

204

l E n

100

50

U

-1 00

-150

Fig. 6. Deflection from the nominal trajectory for different
prediction horizons

Tltus, we have defined the 12'th order nonlinear
syslerrr rvith the one input uno,,,(t)=6,f,''(r) and the one

ouiput y,,.,,,(t)= Z""''tt)'To perforrn the control task, in

tlre sense tlnt the system output y(k) = Z(t) in Fig. 2 is to

be forced by the input u(k) to follow or track the reference

oulpilt, .y"'^(k)=2"-'(k) (see, Fig. 3), in the presence of

additive measurement noise. we rnav use the MSEV
controller (Fig. 2).

0.20

0.15

0 . 1 0

0.05

0.00

-0.05

-0 .10

-0 .15

-0.20

Fig. 7. The nominal control for the chosen horizon of
Predictiott r = 4

The measurement noise is supposed to be zero-mean
stationary white Gaussian sequence with the variance
6l =so. Thc outprit signal y(k)=Z(k) corresponding to

thc nonrinal input 6il' is corrupted by the samples of
spccificd mcasuren.rcnt noiss. As mentioned before, tlte
dcsign of MSEV controller is based on the ARMAX
rnodel (l5a) of the order n. It is adopted that the order of
the ARMAX rnodel is the sarne as the order of the system
nrodel uuder consideration; that is n = 12. Fufihermore,
tlre rveighting matrices lV, S and U also represent the free
pararneters in the MSEV design. These matrices have to be
chosen in advance, taking into account tlie ratio of the
absolute values of the control signal z=6" and the
elcmeuls of the state vector in (34), as well as the given
physical bouuds on the control input and the requiremen{s
for lhc global asymptotical stabiliLy of the controller. In

u.z

n l

-o.2
Fig. 4 The conl.rol signal for the prediclion horizon

u(t)

-o.1

-o.2

Irig. 5. Tlte coulrol signal for the prediction horizon r = 8

Thus, the choice of n represents a cornprolnise
between two opposite requirements concerning the values
and dynamics of the norninal control input, ancl the
corresponding errors in tracking the prespecified rcfcrcnt
state trqiectory. As :r result of this brief experirrreutal

0 .1

0.0

0.2

0.1

0.0

L z(t)

tt(t)
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,9 = 0.02i1,1,1,1,1,1,1,1,1,1,1,I]r

wbere diag{'} clenotes the diagonal matrix. Fig' {t' dcpicts

the errors in tracking tlte nominal state trajectory. ivltile

Fig. 9 shows the corrections of the input signal Au(ft) (see'

Fig.2).

practice, these natrices can be cltosen by simulation' As a

resuit ofa such analysis, rve cltoose

w = diag{o,o.l,o,o,o,o,o,o,o,o,o,o}
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(37)

(38)

(3e)

rninimization of a single stage quadratic perfonnance

index that includes a cross-weighting on the system stat€s

ancl the inputs. This leads 1o an estimated state feedback

t.ype control lawl,vhich is aualogous to the optirnal adaptive

iontrol law. However, the proposed controller is

computationally sitnpler than the optirnal one, since no

Iliccati cquation ncccl bc solvcd either for thc filter gain or

for the controller gain. Making use of the equivalence of

lhe canouical obseryer and the ARMAX fortus of tltc

systeln rnodel, the filter gain matrix is estirnated as a part

of the model parameter vector, while the controller gain

matrix is computed from an algebraic relation' It should

be noted that the computational simplicity is a direct

consequence of the single stage criterion and the direct

estimation of the filter gain in the estimation algorithm

through the use of lhe innovations model' It is not a

"onr"q,,"rr." 
of tlte cross-weighting tcrtn in tltc

pcrforinancc index, but this tertn results iu tltc

generalization of the coutroller form and yields a more

effective control of the adaptive system. It has been also

shown that the proposed controller may represent all

efficient tool for tracking a prespecified reference state

space trajectory in the case of nonlinear and nonstationary

system model charactetized by tlie presence of stochastic

disturbances.
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COMPARATTVtr ANALYSN OT TIIE VISUAL NAYIGATION ALGORITHMS

Stevica Graovac, Faculty of Electrical Engineering, University of Belgrade

Abstract: A suruey of the characteristic visual navigation
algorithms as well as their comparative analysis from llte

motion parameters estimation accuracy point ofvietv, hove
been given in this paper. Two basic groups of these
algorithms were considered. One of them is based on art
opticalflow measurement, while the other one is related to
lhe extraction snd tracking of the obiect features. 7'V
camera is assumed as the sensor used in both cases' T'he
comparison has been made usirtg the computer generated
test images of a terrain

I. INTRODUCTION

Automatic navigation of objects in space is a contplex
task of automatic control nature. It consists from
acquisition of information about the object's position
(originating from the sources of different type), their
processing in order to eliminate the noise as well as in
generating of the appropriate commands enabling the
changes ofobject's position in order to follolv the specified
trajectory.

Any tlpe of the overall accuracy analysis of the
automatic navigation procedures sl-rould include the
consideration of particular in{luences of these thrce
constituent parts. initially, the nature of basic signals
coming from inertial seltsors, radio devices or electro-
optical sensors (as it is in this particular case) should be
analyzed carefully in order to identify all influences of
existent imperfections and noises deteriorating the basic
information. Processing of these signals is dominantiy
directed toward the improvement of the basic information
quality, but the number of required calculations related to
coordinale frame transformations are included also. The

overall amount of required processing directly affects the
processing time needed, leading to the another problem of

dynamic nature: the influence of noise could be r'vell

eliminated, but the time required for this becomes not

negligible introducing the problem of command delay'
Finally, object's motion control is essentially a dynamic
problem, meaning that there exist a number of other
sources of delay affecting the overall accurary of a
navigation task.

The examples of visual navigation procedures are

considered in this paper. This $pe of navigation is

cornpletely passive one. It is based on dynamic trackilg of
images of objects inside the scene' Supposing that the
absolute positions of reference objects is known in advance
it is possible to reconstruct the motion parameters of the
moving object carrying the TV camera analyzittg the
sequence offrames produced bY it'

The analysis is focused here to the image processing

algorithms, their sensitivity to the image noise and final

effects on the automatic navigation accuracy.

The basic concept of visual navigation procedure is

explained in the second part of paper. The algorithms
based on optical flow measurement (operating on the

whole picture) are also explained there.

The algorithms based on feature extraction,
characterized by the fact that after some kind of image
segmentation just characteristic features of one or more
reference objects are tracked, are considered in the third
part of paper.

The fourth part consists of comparison of overall
accuracy obtained by these two classes ofvisual navigation
procedures. The results have been obtained using the same
sequence of computer generated images of terrain.

The paper is concluded by the consideration of other
enor sources which can be treated as coiluron ones, as

well as with the suggestions for further ways of analyses
and veri{ications of visual navigation algorithms.

2. BASIC CONCEPTS OF VISUAL NAVIGATION

The navigation based on gathering of visual
in-formation from electro-optical sensors is an attractive
discipline of research and development nowadays. Rapidly
growing perfonnances of modern computer hardware
enable numerous applications of this concept in industry
(robots and manipulators), for different variants of obs[acle
avoidance task (low flying helicopters), for automatic
clocking - connecting of two noving objects (docking on
the moving platform, linking up of two space modules), for

realization of specified flight trajectory based on terain
following (remotely piloted vehicles), etc.

The basic advantages of this concept are {he facts that it
is fully autonomous ( not based on active external sources
of infonnation) and passive (in comparison with other

active systems based on radar and laser devices, the power

consumption is much less as well as the probabilily of

discovering). The basic disadvantage consists in high

sensitivity on visibitity conditions (wherever they are out of

control).
The overall complexity of such a system is determined

dorninantly by the follor.ving two factors: l) The number of
motion degrees of freedom of the controlled object; 2) The

amount of a priory inforrnation about scene elements'
positions. According to the first fact, the applications are
ranging from planar motio$ (two linear degrees of

f.eeOom) with rigidly fixed4V camera, up to the control of

object's flight (three lindar + three rotational degrees of
freedom) witlt separate system of angular positioning of the
platform carrying the camera relative to the body of object
(usually two additional rotational degrees of freedom)- The

overall number of rnotion parameters which have to be

estimated from sequence of images is correlated with the

complexity of motion. Based on second criterion, tlte
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applications are extending ftom a priory known positions
and shapes of the scene objects up to the situation wherc
the scene is completely unknown and the objects of interest
are to be reconstructed.

The basis for all visual navigation procedures is the fact
that the sequence of scene images obtained by the sensor
mounted on the moving object is characterized by light
variations at every picture element (pixel). These are
produced as a result of changes in positiop of scene
elements relative to moving object, motion of the object
carrying the TV camera, relative posiilon of tfre carnera.
light reflections from the scene elements and the posiLion
of light source.

Assuming that the position of light source as well as
the reflections from the scene elements are constant during
tlte observed sequence, light variations at every pixel are
dependent on relative position changes only.
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xc,/c,zc

---) 
f.

Coordinate system
fixed to the focal plane

Where tlte sensor is fixed (knorvn position and
oricntation) the rnotion paramcters of moving objects
inside its field ofview can be reconstructed, (tracking). lf
the scene elements are fixed while the object carrying tire
sensor is moving its motion parameters can be deterrnined
(navigation). The space relationships are defined in
general case by the scheme shown on Fig. L

The picture produced by TV camera carries the source
information which is usually modeled as the light intensity
distribution in its focal plane E(r,,y,). The light
intensity, ,8, is expressed as "level of gray" at particular
pixel.

It is assurned usually that X" a.ris of coordinate frame
fixed to the camera passes through the origin of the 2D
coordinate frame in focal plane and that the later one is
parallel with the vertical plane Ocyczc at the focal
distance,f

Reference obiect

Inertial
Coordinate
FrameCoordinate frame

fixed to the camera

Xo

"  & O )  J V o ,  L O

t / / ,5 ,d

Coordinate frame
fixed to the body
of moving object

Fig. 1. Space relationships characterizittg visual navigation

.t,

The origin of tire coordinate frame fixed to the camera
is placed in center of the optical system, at the point
determined by coordinates \,12,\ relative to the origin of
the coordinate frame fixed to the body of moving object.
Angular position of the camera relative to the body ares of
moving object is determined by the set of Euler angles
€1,82,€3, corresponding to ttre sequence of elernentary
rotations about: Z s,Yg, X g .

Body fixed coordinate frame is defined according to
standard aircraft convention (the.origin is at center of
mass, Xe - along longitudina/ axis, forewotd, Ys - in
direction of right wing and/26 - vertically downward,
producing the riglrt handed one)-

Body orientation relative to the inertial coordinate
franre is determined by the set of Euler angles of yaw {y),
pitch (,9) and roll (/). Tire linear position of moving

52



object in inertial coordinate frame is defined by the triple

( x o , l o , ' o ) '

The position of reference object (some of its
characteristic points) is represented in inertial coordinate
frame by the coordinales x,y,z, while the same point in

camera fixed coordinate frame is represented by
xs,lg,zc. The characteristic point is projected in image

plane at position (xt,yt) defined as:

xr -  lc !L=79-
f  x c '  f  x c

If the same point is rePresented in
coordinale frame via triple xn, ! p, z p , then'.

[ r . l  [ x "  - l , l
l " r _ r " . ' l
l r "  l= \ ln - rz l ;  Q)
l , t " )  l r o - l t J

while the transformation matrix { is given as the

product of elementary transformations: { =T"rT"rT",

Position vector of a reference object in body fixed
coordinate frame is now

["- l  |  *-*n]
t " l t - l
I y^ l= r2l t - lo | , T, = T6TeT, (3)
t t t l
L z n J  L z - z o  J

Therefore, the navigation algorithm consists in the
following: Bhsed on measurements of reference object's

image position in focal plane (x,,yt), known values

Ut,lz,h) and measured ones (e1,t2,s3), the position of the

reference object inbody fixed coordinate ftame (xp,yp,zp)

is reconstructed. (1-2). Based on measurements of
(V,S,Q ) and known position of the reference object in

inertial coordinate frame (x,y, z), the required position

vector of the moving object (xo,ys,ze) is reconstructed

then. (3)

Obviously, the fact that three-dimensional space is
projected into the image plane (1), makes it irnpossibie to

estimate the coordinate x. just by one measurement.

This problem is generaliy solved in different ways (by

stereo vision - using two or more cameras, by tracking

more of characteristic points on one or mbre objects, or by

the appropriate processing of sequence of images lvhiclt is

usually called "dynamic vision").

Many of the existing algorithrns are based on the last

mentioned approach. The basis characterizing tltese

algorithms consists in measurement of the changes in

optical flow in two consecutive images: Let E (xr,y1) and

Er(rr,y,) be two consecutive images (light intensity

distributions) corresponding to the same scene. Assurning

the constant reflection conditions as well as the constant

position ofthe light source, the correspondence hypothesis

is expressed in the follorving form:
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Er(t,,y,)= Er(*, * Mtz,lt + LYn) (4)

Er(*,,y,)= Er(xr - Ax11,?t - LY,r) (5)

If the same object is present in both images:

( Axrr = - Atrrz, LYn = - LYtz),

and by expansion in Taylor series one obtains:

E, - E, = gld + | a' H.ra+..,

Er-Er= -gf  A+]atg,d-. .

The included notations stand for: d - displacement

body fixed vector, g - light intensity gradient vector, and H - Hessian

_ lnatrlx:

(6)
( l )

[a, ' ,1 lata,1d-Lo"- l '  t= l* ,a, ) t

o_l  a ' r ta? dnra,u ' f
l lE l&t&t A"El fu ' } ;  J

In the final expression dehning the required vector xr:

x n = x - T j J l , l t t . + l )
"  

- \  ^  "  I
(1)

the vector xc appears as unknown and it can be calculated

using the difference in light intensities Et-E and

gradients gr and g,.

It should be noted here that two basic problems
characterize this type of algorithms: 1) Caiculation of
gradients is the noise sensitive operation; 2) If the task is

reformulated as the requirement for reconstruction of scene

structure (which is typical for obstacle avoidance

applications), i.e., determination of array of vectors x for

knolvn xr, the calculations should be done for all image

pixels, leading to extremely high processing time
requirernents

While the second problem is most frequently solved by

an heuristic definition of some gradient threshold which

should be exceeded as the requirement for subsequent

calculations (because the high value of gradient is always

the sign of discontinuities, i.e., the existence of the object

on the homogeneous background), the first one is an

inherent disadvantage, independently on application'

Therefore, some of the estimation procedures must be

applied, either for gradients, [1], or for x vector itsell [2].

For the purposes of this analysis the approach used in

[1] was used. It was assumed there that the light intensity

distribution can be factorized in following manner:

(8)

so the partial derivatives' est{mations can be expressed as:
+ ^ ^
d1 

a,o" .  
o!  =6112, (9)

a r t =  " o t , '  4 ,  
' d Y t

Now, the problem can be solved as the sequence of trvo

onc-dimcnsional estimation problents. N-dimensional

< ?
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(10)

Similarly, the partial derivatives along y direction are
estimated in the second steo.

3. ALGORITHMS BASED OI.{ OBJECT,S
FEATUR.ES EXTRACTION AND TRACKTNG

Wrile the previous algorithms are convenient even for
the navigation where the scene is unknown, the second
group whicir will be considered is based on extraction of
characteristic features of known reference objects. The
feature could be just one point (ex., centroid), a number of
characteristic points (ex., corners), straight or curved line,
or segment of the surface characterizing the shape of
object. After the position of features are initially
determined in one image, based on some apprcpriale
approacir of correlation nature, these positions are tracked
in all subsequent images, Based on tiris, the displacerneirt
is calculated directly and it is used in order to reconstruct
rnoving object's motion paraineters.

Independent on fact whether the irnage is previously
binarized or multiple level gray picture is used, the existent
noise affects the caiculation of displacement and the
overall accuracy. This noise is usually rrodeled as additive
one, while physically it dominantly includes the thermal
noise of the camera as well as the image variations due to
camera vibrations

Noise ur(rr,/) in image registered at time NZ, on

position {r,,y,), is modeled as ternporally and spatiaily

stationary, white, Gaussian, of zero mean value and
independent on pixel intensify:

,lg-;-P = AP +BE
axt

The output ofthis process is defined as:

yector p is defined in first step, as 1he slate of the iinear
dynamic process along x direction:

If, as the most general case, the subset consisting of r,
pixels has been defined as the feafure (ex., rectangle nr:
npr) the aim would be to estimate the displacement
(L.rt,Lyt) maximizing tire similarig of tlie actual image

and previous one, ie., minimizing the criterion given as
sum of squared light intensity differences:

, =*Iff" (x, + Lx,,y, + Ay)- I*-r{r,,y)l' (14)

The quality of displacement estimate can be improved
if the information coming from different tlpe of sensor are
inciuded in proper way. For example, in [3], prediction
derived from Kalman state estimator applied on inertial
sensors' signals rvas used as the initial guess of the
displacement value minirnizing J ir (14), accelerating the
overall numerical procedure in such way.

Tiie other extreme exarnpie inside Lhis class of
aigorithrns is dominantly used in context of tracking of
moving objects. This one is based on tracking of tlie
position ofjust one characteristic point. The starting step is
the extraction of object's image by some image
segmentation procedure. Contrast based segmentation
consists in deterrnination of one or two light intensity
tfuesirolds optimally extracting subset of pixels belonging
to the object ofinterest.

As a result of this procedure the binary picture
consisting of two ciasses of pixels is obtained. One of lhem
includes the object pixels while the other one represents
the rest of picture @ackground). Light intensify variations
across fire object surface, as well as tlie insuffrciently sharp
object edges, are the usual reasons rvhy the binarized
picture should be additionally filtered using morfological
filters. Afler these steps, the determination of the
characteristic point position follows (ex., object's center of
mass - centroid), and the required displacement is finally
obtained as the difference of two consecutive centroid
positions. Errors in the estirnation of centroid position
caused by image noise are minimized again by some
optirnal estimalion procedure incorporating the dynamic
model of object's motion, [4].

4. APPLICATION RESULTS OF VISUAL
NAVIGATION ALGORTTIIMS

Testing of two typical algoritluns bclonging to tlte
rurentioned two groups was made using the sequence of
computer generated images (Fig. 2) which is a part of
material used for pilot's training [5].

t^ da, a2a,fr = C p * D E ,  r = e 2 l Q  +  + t  ( 1 1 )
L axr dxi )

elu,(*1, y). u,(x, + Mt , lr * o/r)] =

fo' za Lxt, Lyt =0, i  i  = i= 1

l0 in all other cases

(12)

The operator E stands for mathematical expectation.

The model of noisy image can be defined no.'v as:

I ( x t , y t )=  E (x1 , ! t )+u (x1 , l t )  ( 13 )
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Fig. 2. Sequence oftest itnages

The closest bridge holdcr was used as the refercncc objcct (gatc o[ the size 60X80 pixcls).
AT=0.5 s) are given on Fig. 3.

Five frames (shifted by

Fig. 3. Sequettce offivcft'anrcs ittcludittg reference object

The folios,ing assumption has been urade: Ineriial The task consists in determination of the coordinate t.

coordinate frame (ICF) is defined rvith X axis along the of thc bridgc picr base (the origin of ICF) measurecl in
nearer edge of the bridge, Y axis lies at the crossing of tire caillera coordinate fraine (CCF). Based on tiris estirnation
road plane and holder plane, directed rightward, Z axis is and listed assumptions, tlte position of the moving object in
defined as vertical, along tire nearer holder pier, directed ICF can be calculated directly. Calculations s/ere nade for
downward. pairs of consccutive franres, for tirc original irnages

The object carrying the camera is noving horizo'taiiy, (normalized in range (0-1)) and for noisy ones' In the later

at unknown altitude, with linear velocity v = 25a nvr, o"i caseq the zero mean Gaussian noise of standard deviations

tire azimuth angle of V = 30 ". Tire yaw angle is assurned of 0'01 and 0'1 rvas arti'ficiaily added' Having in mind that

as V:10 ", while the roli angle is p: 15 '. Camera is 1t1 lfsind 
images are ol low dynarric character (they

fixed in the verticat plane of ttre object under th";;i;-; = simulate the fog ambient) the influence of added noise is

-30 '. Kinernaric parameters of the moving-;ojil;* 119:. 
utt 4' iilustrates the light intensity histograms for

-"- - -'; 
- - - - 

originr-l iniage and thc noisy onc (o= 0'01).
constanl ourlng ille ooserveo sequence or two seconos.
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Using the so{lware package MATLAB-h4AGES, the
programs for calculation of required coordinate have been
made. One of them uses the optical flow measurement as
Lhe basis, wliile the other one is based on tire estin"ration of
displacement of the gate encoinpassing the reference
object.

The first order Taylor expansion was used in the first
case. For the eslimation of tlie light intensiff and
appropriate gradients alongxl iyi, (10-i1), it rvas adopted:
A= C= -7 i  B=D=7. Table I  consists of est i rnat ions of
x" for three pairs of consecutive frames.

Table I: Estintatians obtained using the optical flow
nrcasurenrc)1ts

The pixels ciraracterized by the light intensity variation
in trvo frames whicii had been iess than 0.1, were
eliininated during these calculations. Because it was
irirpossible to exlract just one pixel as the representative or"
ttrre ccordinaie origin, tire surrounding gate of dimensions
1Xi was considered. in orCer to eliminate the in{lueace of
pixels witli small liglit inlensity variation inside the gate,
the maximums along the ror.vs were calcuiated and after
that, ilie inedian of tirese values was used as tire measure of
tire range. Based on ten calculat-ions for eaclr pair of
images, ihe mean vaiues and standard deviations have been
determined.

Analyzing the results obiained in the case of original
irnages, one can see the relatively gcod estimation s'hich
corild be proved foliowing tire range decrements (from the
object's kineraatics it is knorvn that the range decrement
should be -101 m). Wititout tlie complete knowledge of the
kinematic para,meteffi it is not possible to say whelher these
esiimations are weli or not. However, the very large
variations can be seen for noisy iinages (even for the case
of small noise, the standard deviation is approximately OA
rn). The number of analyzed frame pairs is small, not
aliorving the precise conclusions, but it is sulhcient to
iliustrate the basic problem: the extremely itigh sensitivity
of this tlpe of algorithms on the image noise.

The second class of visual navtgation aigoritirtns was
analyzed on the same task and for the same sequence of
frarnes, using the algoritirm in which the displacemenL
between two consecutive frames is determined by the
rninimization of the criterion (14). The con{erts of tire
whole gate of dimensions l1X1i around the coordinate
crigin was defined as the feature representing the reference
cbject. While the displacements along q and y1 were
previously calculated indirectiy (via intensity differences

and gradients), here they are deiennined directly. Tiie gate

center was at position [36,41] in first frame. The maximum
of sirnilarily has been found in the following frames on
gcsitiong.i] i.,41 1, l-26,531 arrd {21,59i, for frames 2, 3 and
4, rcspCctivcly.

Based on these rcsults and assumed motion parameiers,
the sequence ofvalues for xg coordinate was estimated as:
[997, 900, 793j. One can see the very good estimate of
rangc dynamics (i.he error is 4%). Moreover, even for {re
Gaussian noise of stanCard deviation 0.2, the estimates of
ths gate center position do not vary more than one pixei. In
this parlicular case that means (for assumed motion
parameiers and fie1d of view) less than ll3 o, or
apprcximatcly 5o/o of relative error in estimation of xs.
This result is exliernely better than those shorvn in Table I.

CCI{CLUSICN

The basic principlcs of visual navigation aigorithms as
well as the analysis of their sensitivity relative to inage
noise rvere presented irr this paper. It was shown that tire
algoriihms based on opticai flow measuremenls are
exlreniely noise sensitive. For the particular example of
colnputer generated sequence of terrain images, even the
very small Gaussian noise (o=0.01) made the application
iinpossibie. Satisfactory res.rlts obtained for noiseless
inages (consisting froin 16 discrete levels of gray) might
be ihe sign ihat tlic preceding image segrnentation could be
tire way oiimproving ihe accurary.

In tire case x,here the displacement of the relerence
objeci is obtained directiy, the much itigher robustness has
bcen shc'ii,n. In both cases, the overall accuracy is highiy
dicta{ed by the i:nage iesolution and by the available
infonnation abcut the moving object's kinematics obtained
frorn ihe sensors ofCifferent nature.
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ACIOJIb3OBAIII4E I{OBbIX MATFII{TIII'IX MATEPI'TAJIOB

11PX IOCTPOEIIUA AATTITIKOB MAIHIITIII'H pI MEXAHHTIECKfiX BEJIAWIH

Btrranaft Hnsora, omden om6opa u o6pa6omt<u cmoxacmuqecKttx cuzvaroe

@usuxottexanrtlecKozo wtcmunyma HaquoHanbHoil axad euuu uayx Vxpauuat

Oner Coxon-K,'rsrlolcKr'1fr, otnden Qusurcu l4a?HumH*x nenetuil

Ll n c mu my i a e e o Q utuxu Vp anu cxo e o o ntd arc n ufl P o ccuil ctco il axa d ea'uu u ayrc

A6crparr B doxaade paccilomperw B03tt402vt0cnw

ucn1nwo\ailus ailapQqnx u ttaHot\pucmamuqecKltx

Seppoaazaumaotx cnnaso| dnx nocmpoeuux damvuxoe

MAzHItmHWX U MeXAilWteCKl.lx ,eJIuquH' Ilpoauanwupgaatl ux

npaHqun deilcmaw, cxeMHue u KovcmpyrfiucHue

pednlaa\uu, d maKuce npusede$bl He\7mopwe psynbmambt

3Kcnepuweilfi aJtbHbtx uccred oB aHzti.

l.BBEtrEHuE

Baxseirural 3BesoM MIIorrD( fitr40pMa[q0il{0'

H3MepurerbHblx cRcTeM, K0T0p0g B 3HaiImetIEHOir creueHtr

olps/IoJl{sr I{x '(arlecr8o, [nnfeTc.[ axaloronull

nepBr{in$d qpe06pa3onareJl6 - Aarqifi i[urureclro<

Benuus! i(oropHfi ocyIlecrBr[sr ]ilueliH.oe Il

Bbrc0KoTotlHoe nps06pa30BaHl're X3MepfeM0fi BeJII{tII{}ibI B

ryor{e}qrIoslGrr uapaMerp, I{aflpflMep, 3reRTpFlec(0e

HatrprxeHlle, K0T0p0s SaTeM nerKo IIoMaeTct

Aanurefimeuy yclrleElllo, aEaruBy s 06pa60rKe [6, 7' 8].

TarRe Symuial lrlrloJlHfror paccuarpmaeMl'Ie fl

arariB4pyeMLle B AOKJiaAe ,qa)3II'IKA ,Unt IsMepeHIt{

BeKropa uarnmsoil IIHTKI$E, a raxxe MexaHI'IqecK}{x

Bernqm (cnnn, cneqerulr, Kpy{es[c u nu6paryru)' 3ru

AAflHKlr ucrIoJIb3yIoT Qn:ruecxre fiBJIeHUJI, KoTopble

rpoxo,qm n amopsruix I'I HaHoKpECftuUIj{rIecKIt(

QeppoMarouixrx ctrtiaBax no4 gosAefclBlrel\t MarutrTsofo

r0tr r{ MexaHrTlecKffi EeoopMauld, Hryleme I.I aIIaJIl'I3

3T!D( {}JreffIfi, nocrpoeutre Ha STOi OCn0Be E0B0r0 KJIacca

oTH0cl{rerbH0 Mar0ra6apsrllbrx AaTqIKOB pa3nurlublx

{mmecruu Benlflus tBIUIerc.g uepcrleKTl'IBIIlIM

HanpaBJrefiIleM IIe TOJIbxo n npruonAxoft Qlcuxe, uo u n

T€X.EIKe mMepefiEE ltarHrffGu R Iv{eXaHFIecxID( BeJII4mH.

2. rpmwrbl mftcTBtrf, MAI-tr{TO}TIP}TOrO
IATqtrXA MAf mITfi OrO IIOJIfl

Cpem urrecrrlhlx Mammopryynfi AarlIlI(oB
MailrnTEoro Ilont Ha$Iysruie xapaKTepucTExl'MMelor

narqFrfl.r Ha ocHoBe zuop$rox (leppotrlarnerrtcon c
xouuencrponanriofi npogonruoil uarinrrocrpux{uefi u

IlorepesE0[ Ha3eAesRofi rlarHrrsot axnroryormefi [i-4].
Ha Prac.l noKa3ana runoDat r<ouctpytc$lt Marfllrro-

1*l

Puo.l, Maaumoynpynil dumvux uazaumvaao noJs
cynpyzan oos6yxdeaueu

ynpyr0m AaTqi{Ka MafffIrl{Of0 II0JI' c aKysIIFIecKn{

nor6yngeruien aMopQuorc $eppouarunuoro cepAeqnltKa.

flanrm cocrofiT B rlbe3oKepaMfitlecxoro ltJltl

KBapqeBorc upeo6pa:orarenx lI3, Mexarlrrecru't

coenmeHtror0 c Hru cepAeqHIIKa - IIOJIoCKI.I ur arrlOpQnoro

$eppolrarnrunoro cflnaBa AQC c KoMIIeHcupoBalIHofi

MarfifiTocTpt4xrdltsu u rofiep9sfi0ir - MarHiffl{og

ari]430rporu{efi, tt 113 BblxoxH0f0 K0re6aT0JIEHgro .LC-

Itolrypa, uacTp0eEHolo na pa6o.ryo qacTory Aafii{Ka.
Kaqura tr nrxo4uoro .LC-xonrypa pactronoxeua Ea

cepAesluxg AQC s o6racru rlflHocrl{ elo K0r96aruifi, Ho

na ,oop*ututact c HnM, ,{arrur pa6oraeT cne&TouII'1M

o6pa:ou. C uotr,toqrto .ft'e3oKepaMnlecKoro
rpeo6parouarem ll3 B anop1|Horvl $eppouamlrmou
cepAecuuKe c03AaloTc{ yfipynre mpMoHfiqocruIe

KonebaHrrr o o qastorofi ar, paauoii ulu iqatuofi

co6cnenuofi qacrore npeo6pamlareu II3. B pe:ytrrart

Marrrrmyrplmro B3atuo4eficrnlu r auop$tton

QeppouarmrmoM cepAecnlu(e c nouepevnoft Marumsof

auworpouuefi B0 BHemEeM MaIHI{THoI{ nole I/t 8038llmi0T

rore6agrfi BeKropa HaMarnsllefirlocrli. Ilpogo*iraa

cocTaB,IfiOlqarr Bapuarym BeKropa HaMarHl{qeEH0crfl

BbBLDaer B xaryur(e tr, oxlatrna$qefi cepgeulut, t.A.c.

r{rrAyxr{fiI, B€tlnlalia roropofi [p0[0pIfl0rIaJI]Ea

np0,40r6H0il c0crlBJlmouefi nuennero ltarrumtoro noJlx 11,.

Buxo{soe HaIIpfiKeFI{e U/t) Ya qaslore los6yryeruat

o uoxer 6nrr nafiAeno !E cJleryIoqerc BBIpaxeHEI:
, .  r  \ r  " ' l u2U,{t) = 2 4 M,SN lflp,^\H I H,)L1 - (H I H,)' )' cosor,

rAe p.=4rx10r fu/u - MarIi[THa{ itocrotllua{; Mr-

EzuarurrsssrocTb ltacblu1enlm; I - nnoqa,ur notreperlHoro

ceqeHrl{ cepAecru&a; N - xorlu,Iecrro BIrrKoB KaTyIIIM

r{nryKrfiBu0fi}!0-Aoopotuocrr BbIxoAIIoro -LC-nole6a-

remuoro Kolrr)?a; pn - MaKcEMaJEurd yml noBopoTa

BeKTopa HaMaffmeuuocrll trog Aetcrsuel{ FIpyilD(
K0n€6aHsfi, KoropEli: trponop]nl0HaaeH ynry cprra; I{ '

BHeIIIIree MarffiTHoe IIOJie fi //, - uarurmoe rIoJIe

aHli30Tp0rmu.
Ha Puc.2 troxa3aubl 3Kcnepn/Ierranbmx (roxm) u

Bbr{r1{crer{Harr no BhrpaxeHrtro Nra u 
"\4 

(cnaomla.fi

xprual) rnlucuuomu aMnnlrryAtt Bblxoxlloro Hanptxelfltt

LrailrnToyqpyroro AafiI4Ka c cepAe)IsuKoM r,E arrropQnoro

cnxwa FerCoro,Si,rS,o c rounegdt4onarnofi npogonxofi

ruarHl{tompfiKrs.{efi tl uoneperx6fi HaseAeHflofi lrarsnnroil

a*mrorpormefi, Heroropoe orJllr{ue nrrwicnennofi npmofi

or gKclrepur{eHTaJi!}sD( roqer o6rrc$9ilcf; TeM, rlTo trpll

B[rBoIe BbrpaxeHnr Ar" U@(/) norarallocb, qro BeKrop

IiaMarHuqellHocfll He Shrx0ART 13

Qeppouarrorruofi riermt.
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Puc.2. 3aeucu aocmt aunnumydw oorxodnozo uayrpnuceaun
Mdevunoynpyzozo damvuKa om suuttuHbt Mazuuipuozo noan

KoMneHcrpoBamoft rlp0AonrHofi
tr0nepesEofi Hanegeruoft uanmrsofi

L'

upu
aMrwrryle uatrprxeullrr norbyNgem.ir ua
sarere lB cocraBmsr or 5 no 50 r,.rru/uT[ qro B m a

HHOTOpa3a Bbrue, qeM B ,{arlrKe IB
anop$uoro cmaoa.

l. SlrP'rEMIlllR l99B

Puc.3. Ocuoeuan exet to usitepevutt uazuumo*unedancuozo
efi$enna

P ttc.4. 3 aaucwo cfib omHocumwbHo?o uilteileHu, nad exw
HanptcrceHut ila neHme us auopgpnoaa.cm*\q om Beruttu,tbl

BHqAH e ZO ilA2HUmH OZO nOnA

auoprpuoro cruauaFerrSi,oBr2 rrocre olxum lrenrsr B
tronepeqH0M MarmrTfioM rrone.

I4rueAanc auoprlnoro (bepporr,rarnrruofo np0B0AHri1(a
r,t3ldelxierct He ToJIbK0 noA Aeficrsueta BHemneio
rrocrofilrr0fo qp0A0J6H0I0 rroJr{, II0 u npn nosgeiicrnnu rra
ripoBoArxrrt MexanltrlecKor0 Hanptxenr.rr o,. To ecrr

riarenue nepeMemroro rrarrp$Kerurr U(H,,o,) Ha

ar'rop$xou IIpo!0AEnKe f,BJr_'reTcf, Symqlefi BtremEer0
MarHr.lTHOfO nbm I{, I{ MexaHrTrec(oro Hanp.DKeHL{.'I or
(Pnc.3), npa.reM Btrrl{Hr{e Mexaurrqecxoro Hanprxeuufi Ha
IBiUEHEHI{E IUAXCNUAITUOfi BEJII{TII4EbI I.IMIICAAHCA MOXET
npeobnagau ua.q geficrnlreu [poAoJrbnoro Marnr.rruoro
noJu. Ha Pxc.5 qpr{BeAerrbr 3rcnepuMerriutlubte
3aBI{CEMoCTII, n0(a36IBaIO4,Ie BIIttHrie pacTrlmamnlelo
MexafftecKof0 galprxeHnr Ha traAeHr,re 3JleKTplfiecKoro
narrpflxenur (nm m,rneganc) Ha renrd auop$uoro
$eppouanrrrxoro crrlraBa FerCoroSirrBro. Creryer
oTirerrilr,, qro nrnt6 lenru u ee . xp) reuxe ral{xe
llbt3blBal0r a3MeHeHI{e aMruI}rryIbr HanprxeHrur ila
np0B0Am{K9.

Puc.S. 3aeucwtocmt nadeuus uanpatrcenn Ha )telme u3
utopQttozo cwala on Baru4unbr pacrn tzularot4ezo

N ex avu' rc cKo zo r t an p nf emrs

Culousax KpHBiur I sa/ puc.s coorBersrByer
ueuanp-rxeruroii neme (reura nocrie orxrra), a rryfiKnrpnzur
xpwnal.2 - rerrre c Birylpeuuuil{tr r{exanrrlecKr&,ra
rraripnr(oururMn (leria 6er repuoo6pa6orxn),

Iv{axcnntallgoe 3Hasenns IBMeHeHI{t m,qeg[,
HanpfxeHfir (ruig c00TBeTcrBFOqee rBr{eHeHEe
nrnegauca) n zuop{mx crrlraBurx c trotrepequofi u

3. MArH{TOXMtr[AAHCmfr V MnXaso-
r{Mrr[AArrcHhrfr 3ooEKTbI - OCHOBA ITOCTPO-
EHUfl AATqI{KOB MArrrnTr{brx u dlnruul-
lIECKtrKBEJII{IM.

Ilpnqm fieicrlrrr 3rm( ,qarifiltou 6aeripyercx na
ucil0nb30BaHEr{ TaK tra3LBaeMoro rframcxoro
Marur.rron{rreAaucnoro o${erra 0-MI43) I heroropux
Seppouarrrrrux cruraBax. Cyqsocrr srord r{{rerra
3aKliloqaerct D ToM, qro trpi{ rpoxoxAerrm u(peueiuoro
roxa rlep$ neulEi, IITIefiKI{ LI MlrKponpoBoAa lrr arraop(f run
Qeppouanurrux crrJrilloB nog AefiffBuel{ ndcroruuoro
trpoAonEHora MarEartrOr0 noru llp0ricxoAKr cyqecTBoEHoe
InMegemrs iil( firdneAaHca. 3ror lMH3 nu:rai 6ornnofi
r4lnepec y i.rccne4oBareJrefi Marsurlsn( Marep{,IanoB u y
parpaborvuxon usrrteprrelrnofi rexnr.rKlr. flpeAr[olarae.rcr,
trTo Ha ero ocuoBe Moryr 6brr6 corganr! ,qarlrr{Kfl
Marflr,rrgoro IIoJu, Hanprn{ep, Arr ycrporlcrB afroirrarurll,
aiaaparypbr cqEnilBautrf cnmanoE c MarsfiTffirx Ar.rcx0B Arrr
xpaueufix trH(b0pMarFr,r, a rxxe Aarsr4ror rrle*asinecruu
BeiII{tlIIH, EAtrp}{M9p, CIIrr6I, cMeqel{Iut, KpyrieH}uI I{
ou6pars{tr [9].

Ocnosnar cxeMa Ha6ffoAentrfl rrrarrurom,r$e4aucuoro
o{{rerra B qporoAnr4Kax n: auop$r*x {eppo{aarHr.nxrn
cruaBoB rroKa3aua ua Pnc.3. feneparop nucoxoft i.racrorrr G
qepe3 orpanurrrlBaroqld petumop Jt nepeuelporo rora
Harpyxen Ha ttpoBoAsnK rB auopQuoro cnnara. I{suep.eerc.r
rraAeHEe uaupmennr u tr€peMesHoro rord sa grou

QepporrtarunuoM qpono,qnirxet K0r0p0e npn rfenruei*rofi
arr{rnrry[e 3neKrpFrecl(0ro r0Ka nponopfplorraurxo
r{MleI:rHcy Z nponogrun<a. Ilpll R>>Z lr:ueuewe
tra,(enlr,r Earrprffierrr4r ua QeppolrarrumroM rpoBoAurrxe
Moxuo cqr.rrarr rBMeHeHr.reM ero rrMrreAarfca. IIoA
AeftcrBneM Brremuero npogonbnoro uarmrriord nom IJ,
traAelme trepeMeHHoro Hafiprxenur uffr) nuqiruercx n ,
c00TBcicTBesHo, r{3MerureTcfl r.rMfleAarlc z(H)

Qepponaariurnoro rpono&rrrna, Ha Pnc.4 roxa3auo
oTI{ocEr€JIbHoe E3MeHeIXte traAeHUr ganpgxerrd Ha Jrelfe

t fe5676Si,5B,o

l= l0 tu

5 8
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rrpoA0JrtHofi Hase,qeHIIoIi MarHHTH0fi al{n3orponueft uol

IeftcrEEeM MarHlnHoro noJlt tr MexailflecKofo

Hanplrxenut LIMeer rpI'IMepHo oAiifl nopt1ox, IIpu srou, n

rr0la3nfiollleM 6o*ularclse cflyqaeB, B reria(

artaopQr*x Qeppouarmrrux cmIaBoB MexaHl{qecKoe

Hanptxel{He oxir}blBaer 6omuee BIIIIxHI{e IIa

MaKCIIMaJEEyIO BenlflI{Iry IllMelteBIUt HMneAaHC4 SeM

so:aeficrBne sHemflero Mafl{'lTHoro [oJrrl.

4. IIEKOTPbIE PE3YJIbTATbI JIAEOPATOPIIbIX
I{CCJIEAOBAIIIffr

Jla6oparopru,re MaKerLt Marnuroyfipyr]t( aaru,xoll
Maruarnoro rloJn Ha 6are cepAeuuuxon nr ar'loprpur'rx
oIIIaB0B 1{Me6T CneAylol]Ifie oc[10BH6Ie XapaKTepI{cTHKfi :

- rpu qacrore uor6yxAenru200 l<fq+1 MlqAuala:oil
qaffor lnMep{eMoro Marnltrnoro norq MoNsr 6HTb or 0 ro

i+10 rfu;
- n0p0f lryBfi3l{rgJlbllocrl,I Ha rlacr0Tax sHme 1fq

cocraBnrer 10 + 30 nTn'I[0'5 npl{ AnI{He artloptfiioro

cepAerrH[Ka Aarqrma 5+10 uu;
- qyBcrBrtetlbuocrr no 150 rrlxB/sTl;
-norpeba.relta.a AarqI'IXoM SreKTpI{iIecKarI Moulllocrr

1 uBr;
- AHana3oH tBMepteMbIX Marnlrxrrx nolef, 12,5'10-' Tn;

- Macca ,[arqi{Ka r c6ope (6e: uerrpouir.tl) r'toxte-l

ss6mBnff6 J+10 r.

llorpenuocru Aafit4xa n0 [epeMeIIHoMy rory B

ocHoBHoM onpeAeJUIIoTct 3neKTpoIIHofi cxelr{ofi' a B

n0crorillt0M MarHI.{TIt0M rlolle onpeAenfioTcJl cI3I{r0M llelxx

nrcTep$IIca I.I 3aBRCtr oT narHltTl{btx xapaKlepHcTlll(

arr.rop$uoro ciIJIaBa Ii ero AoMeIflofi crpy(Tj?bl nocJle

tepuoo6pa6orru.
Ilpetmyqecrra AarllfiKa - Manble pa3MepLI, HItKarl

lorpe6meuar M0nIH0ct6, nocrolficrlto 1tsclBl{reJlbuocrl'
n pa6oueu 4liana3one qacror.

K ge,qocraxalr Aarrli{Ka ole,[yer 0THecrIt troBbllnerill]to
rlyBcrBrfle.fi]Hocrb K aKycr[rIecKI{M uyMaM n rIr6pa4lxn,

HeAocrarorluo mrrcni nopor qyBcrB{rerbuocrn ll Hn3KyIo

TexHoJlorrrrtH0cTb n3roT0BreiM.s SreMemoB narq[Ka.

Ha Pnc.6 ilpriBe1ella 6lox'cxeua rpsx(oMnouenTllcrro

Aafirira Manir{rnofi nH.ryKII{Ir t5] c [0p0f0l\l

rrlgcrBurenLuocrl.t no rroffo ue xfr(e 0,01 gTl'lIl0'r a

urrepniule qacror 10+300 fq'

flpe4craanem*ril tnueplmern cocrol'r a3 6lloxa

AarsrrxoB FA ntu lrtMeperuu rpex KoMIIoHeHT noJH'

ycruureneii Y, tfa:orux AcreKropoB O[, lrerrponinx

peryflmopoB 3P, reseparopa lor6yx,{eruu fB }i

KoMMyraropa KaHarIoB KK. B csolo ocepeAb xaxArd I.r 3-x

aafir{xoB cocrolrr Ii3: I - nseronpeo6patonarem, 2 -

cepAeq$EKa r.rr auopQnoro $eppouarrumroro clnaBa,

3 - npuer'.ruoii Karylrl<tl, 4 - rarylucl o6parHofi cnxsu, 5 -

Me,quoro 3xpafia,6 - rcolrp1'roueii npouagxlt.

Orniru{renruofi ocobeusocrllc omrcanxoro

rBMepr{TeIUI tBntcfcg TO, qTo Mt welDueHlfi
ueimnetsocrn ero nuxoAsofi xapaxrepl'icrllru B cxerry

BBeAeHa B KD(AoM KaHane oTplqarelrnal o6paruaa cnr:r

no Mafi*ffHoMy noJfio, coffotlqat llr KarymKE obpamoii

crru 4 ll sxerrpoxnoro perynrropa 3P.

fiu'arncxrui MarnrroruileAaHcuufi s${err, roropnfi

owrcaE B rIpeAH4&ieM pa3Auie, [O3B0JI'eT TaXXe C03naTL

pa:rroo6pa:nrte AarrIriKI.I MarHI{rIIoro nou. IIpu 3T0M 3To

r'lotyi 6mr B IlepBlto oCepeAb AaTqIIK{ AIU IsMepefiIlrl

Marrmr{rrrx IIoJIefi cpegnefi HmenclInuocrll.

P trc.6. Enox-cxend mp exKoMnoHeHmH ozo d amquKs

.uaeuumuoil urtdyxquu c ynpyzuw eotfytrcdeuuen

i] racecrBe rlpln{epa na Puc.7 [oxa3aHa KoncrpyKltr'lt

llatffrroilMtreAaHcHor0 AafiI{Ka, [peAHa3HaceIIHor0 $It

meua nnifopr'latglil c MailIlnuoro Aucra'

1 2 3 4

|uc.l . Mazuunouunedancnait damqux dns cqumbrca+un

uuSopua4uu c uaznumuozo ducxa

Mannnomrmeaagcurtfi sreMelil I s rtolnt AarqHKe

Bblironreu na arlopQuottl $eppouarurmoM npoBoAHI4(e

AlraMerpoM 5+30 nanr, roropnii [oKpLlr A]isreKTIrIecKHM
nonpblrr{eM 2, na rotopoe c oAIIoft cropoHbl IIaHeceHo

irerleppor'rarmrrHoe norpblTtre 3, a c gpyroii - p$IlcrlrBnoe

noElurue 4. Brlsogbt 5 ciryxar 4irr nonKrloseuut

rurraroqero reneparopa rI lcMeplmerbHoro npu6opa

corJracuo cxeMe, rlpe4gmBnennofi na Puc.l.

{1'ncrwttelruocu JDrqIuIrx MarI{l[0]rLlIIeAa]IcHLIx

llarq[KoB llocrofiIr]toro Marl[ITltoro noru cocuuuer 0,5+20

rranll/uTr fla y3I@M ylasrKe nospactalouefi nernu

xapaKreprrcTrr(n IipI,I n0,Q{oAe K MaKCAnyMy I'BMeHeHI'It

IrrlrreAaEca. Ha cnaAaaqefi BeIBH XapameptrcrlIru'l

c)'3crBmenbHoclb Ha oAI{g-ABa n0p{AKa Hllxe.

K rieAocratrau Aafirrta MaTITETI{oto rIoJIlI IIa ocHoBe

narr*rol${rreAaucHoro lQQeql orHoctlct

{yBcrB}rrenbHocrb K MexaHHsecKlIM norieiicrelr.rn, 6ollmar

BUIitrrHHa rucrepe3uca, ueo6xoa noctr D r{arilrrHoM nore

clteilIeHl{s Hnil CooIBeTcrB}rcEeM IlIeXa}MqegXoM

IIAnpr)KelrIt{.
K uoloxraremruurr M0MeHTaI{ M0xHo 0THecrl'I

Bo3r\r0xHocTbco3AaHllt AafiHKa 6e: HcnoJIE3OBaHi4{

KAT/VI]iEK IIITJQ/1(TI{BHOCTI,I, OTIIOCIfiEJIbH}'IO IIPOCTOTY

aarqlrxa. MarglnommeAaucrule garyux\ MarHHTHoro noJlfl

Moryr nafirs goctofttoe npplelieltne B pa3nHqHrIX

TexHfl\recruD( ycrpoficmax npir- pa60re r ,qnanfioHe

cpe,qluty Marul{rsbrx noneii or 2'10-' Ao 2,5 iO" Tl.

I4ueroqarcx cl{rbgag 3aBficl{MocrL uMneAagca

npolo.qslrKa u: aruopSuoro $eppouarinriHoro cIIJIaBa 0T

Ilpr{JroxeFH0ro K 3T0My np0B0AllfilvMBxaHIrlecK0fO

natrp{xenrur (pacr.r,xerux, cxarl{t, Kpylenwl, usr'fi1a u tD(

H
---t
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K0M6lfiaqi.u, Hanpl.iMep, Tor{esgoe AaBJIetMe Ha ylas'roK

aMop$Hofi $eppouanmtoft nerm) IIo3BoJuer co3garL

ua;rora6aplrruue AafiHKIt MexaHIftccKID( BeJIlItlHrl,

KoTopbre He co,qepxar KarylueK ilxnyrnoilocru (Pnc.8)

a) 6)
Puc.8. Hu<on opile KotrcmpyKUuu \yBcmlum eJIbHo?o

slrcxeilma damuukor cuttbr: a) c ynpyau u 6) c acecntxuu
. Kpenneilutitu aaoprrtnozo npoaoduura

B o6ont Bo3Moxxbtx Bapl{amax KoHcrpyxinxr AarqHKoB
e:,zriibr, AaBneHHn nJILI cMenleruu auopQuufi

$eppouanurHuit uporoArum 1 raxpeuen Ha

Alrgne(rprrrrecKofi Necrrofi nog.noxxe 2. K xomlan

$epporr.rarmrnioro npoBo[H]IKa npilua.ltllll rorrarru K-K.
MexaHusecrr.re ycrinlili nepeAalorcr ua $eppolrlamsriuli
npoBoAullx nu6o ueper ynpyrnir sJIeMeIir xperuteHlUt 3
(Puc, 8a), m6o HenocpeAcrlel{Ho qepe3 T0rxarer6 (Ptlc. 86).

Parpeuaouar ctocobHoctt MafHItroHMIIeAaHc[oro

IaTqrrKa no MexaHuqecKoMy HarlprxeHlilo Ha rlacTl(e
ro.(beMa i.rMne,qauca' 104+105 lllMz. 3ro ssaqmenruo
Merrbme, seM s Marfixto)mpyfoM AaTqI&e cwlbl Ha 0cll03e
auop{noro cruIaBa. Maxcmrralrgoe 3HaqeHrie

rtamKaMexailnrlecKofo tlailptx(ellllt Ha K0tlqe

xapah'repucrr.rKu aocrfirasr -3, I 08rvr,42.
ManrmoruueAailcgge Aafit4KII lft{elor BbrxoAuoit

clrriaJr B Br.rne aMIInHTy,qbl nepeMel{Holo Hallp{xeruu

sLrcoxoti qacrorlt u no3ToMy Moryt L{MorL trnoctryIo

aMru[flyAno-qacToTEFo xapaKTepHcTliKy B IIIana3oHe
qacr0r 0r 0 Ao eAmrru Mlq. Cepre nmv ilpem'{yqecrB0M

MexaHlfrecKlix AafiI.IKoB Ha ocHoBe I{arHmoHMIIeAaHcHoro

sQQerra nepeA rer$ope:ficropaMlt tBJUIerct ID( BblcoKat

TeMneparypsarr cra6wlbs0cr!. B omliq{e or

MafHr.IT0cTplrKIsi0EI{bD( MeXaHI{qecKD( AaFlIfioB

MexaHi{qecftHe aarqmo{ Ha 0cH0B9 MaIIIKr0lo,tneAaHcH0lo

aQ$erra Moryr r.rMerb 3naqrrreJlbuo 6onee nncotcyto
qyBcTBuTerbHocTb, TaK KaK MaKCUN{yld mMeHeHIItl

cnrnana AU/U, coonercnyrowd Al/l wst Ao/oumeet

MecT0 Ha HasaJrLHoM ) IaCTKe Xapaxrepl{cTn(li

Marrr{roluneraxcnoro r$$erra, xot1a Al/l n pezys:llrarc

npoAolrnofi Mafstnocrpntt4fin cocrarrltgt JIHIIII corble

AoJII,I 0T Berfirql{I{bl MaIHLiToCfpmon,II,I HacbIueHItI.

K ne[ocrarxau ]rexa]IlrttecxlD( AarquxoB lia octt0Bc

MexaHorfffiegaHuroro sQ$erra M0xH0 oTflecrtt BJnuIfiI{e

BgeIuHItr( MarutlTurix nolefi, alluuue 3neKrpifiecr0ro

COEN,{HEHIU I,I SJIEMCI{IOB KPCIINEHI'I.

5. BbrBO,qFI

l. flora:asa Bo3Moxuocrb co3AaHIUI uarora6aprnrx

AarqfiKoB MamIilHbIX nonei trpu ucIloJIb3oBaHIrIl

Marl{r{Toyfipyroro s:afinogeftcrBfir n ifeppor'lanirruolr

cruaBe c KoMnerlcl{posatnloit uarHtnocrpmqneil.

,flalruefiurne ucciier,oBanltl g groft o6nacnr rMetor

orpoMrryto nepcneKrl{By tt lto3Bontr n fllxafiruert

BpeMeHu parpa6orarr AarrIL{K.I, xoHrypenrocnoco6ur'te,

HalptrMep, c ruIro/Kl{t0HHbrr{1{ Aafil{(aMH Aru l,l3Mepeirrrjr
secrMa cna6rD( It{arrursrx nolefi,

2. Bnepnue 060cH0BarI6r rexnl{qecKfle petlreulili,
no3DoJL[IoEne co3Aarb pa:noobpasrrte Aarqr{rcll
uexaHrqecruD( BeII{qriH Ha ocHoBe MexaHoI.IMneAaHcHor0
: { $ e x r a n a r ' r o p $ r n x u H a l o K p r r c r a $ M q e c K r D (
t|epporrarrurrruu< cnnaBax.

JIIITEI}ATYPA

IU O,JI.Coxor-Kyrrruorcru.ui, "MaraurolrvepHreJrbrnre
npeo6paronarerr.r Ha ocuoBe Mafuuroynplrofo
Bsar.{noAelicrBus o auop$nux $cppouanreruxax",
I,lwepumenarmn nexHuKa, 1991, Xs I, c. 35-37.

[2]. P,l, Nikitir\ A.N,Grigorenko, 0.L. Sokol-Kutylovskij,
A.K. Zvezdin, M.K. Zvezdin, " Magnetic-field Sensors
for Non-disturbing and Wide-band Measurements",
S ens ors a nd A c lu at ors, voi. Aj 2, 1992, pp.67 1 -677 .

[3] A. Pantinakis, D.A. Jackson, "I{igh-sensitivity Low-
frequency Magnetometer Ushg Magretostrictive
Primary Sensing and Piezoelecfic Sigral Recovery",
EI e e Ir oni cs I e | | e rs, v o1.22, 1 986, Ne | 4, pp.1 37 -7 38.

[4] M.D. Mermelstein, "A Magpetoelastic Mettalic Glass
Low Frequency Magnetometer", IEEE Trans. Mogn.
vol.28, I 992, .Ng1 , pp.36-56.

[5] O.Jl.Coxon-K1'rruoncruil, "TpexxouiloHeHrulrft rpeo-
6pa:onarelr Man[mi{0fi ruIryKrpm", flefiexmocxonux,
1989, N 4, c.83-85.

[6] B.Hmora, "ll:uepeHue secrMa cradrx H-li3xoqacroTHbrx
Maralmrbrx norefi s reoQurrvecrux fi KocMlIqecKID(
uccreAosauliffx", Om6op u o6pa6omra unfiopaaquu,
aun. 9, 1993, c.'lQ-77.

t7l V.Tsybulsky, V.Nichoga, A.Gnatyuk, P.Dub,
A.Yasinoly, "Wide-band Component Converters
for lvlagnetic Field Measurement in Space", in
Proc. of the IV-lh International Seminar on
Manufaeturing ofScientific Space Instr'umentation,
vol^VIII, 1989, pp.3-14.

IB]V.Nichoga, P.Dub, "High Sensitive Microlocal Sensors for
investigation and Conkol ,of Electromagnetic
Compatibilif of Precision Eiechotechnical and
Electronic Devices", n Proc. of the l-th lnternational
Sitnposiun on Microeleclronics Technologiw and
Micr osys t ens, 1997, pp.37 -42.

[9] O.JlCoxon-K1'ruuoocxui, "l{ccaegonamre r{arrurro-
yflpyroro nrarwogeficrurx n .arvropQmtx
$eppouaruenmax c qejlbro rD( nplrMeHeHnr B MaUII{rHbrx
rr Mexaitlfiecxan Aarqrr(ax", AemopeQepan
duccepnaquu Ha coucKdHue yvetoil cmenenu daxmopa
mexvu\ecKux HayK, Exarepm6ypr, 1997,40 c.

Abstract- The possibilities of application of amorphous and
nanocrystalline alloys for elaboration of magnetic and
mechanical sensors are considered in the paper. The
fi"urctioning principle and the sclremi and construetive
realization of such sensors are apalyzed. Some results of
experimental investigations are piesented.
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COMPARATTVE ANALYSIS OF MS LATCHES AND FLIP-FLOPS FOR

EIGH.PERFORMANCEANDLow.PowERwSISYSTEMS

Vladimir Stojanovic and Vojin Oklobdzija+
University of Belgrade, Yugoslavia, *Integration, Berkeley, CA, USA

Abstract - In this paper we propose a set of rules for consislent

estimation of the ieil performance and power features of the

tatch andflip-llop structures- A new simulation and oplimization-

opproo"i is- piesented, targeting both high-perfornnnce and

pi*", budgetlssues. The analysis approach reveals the sottrces
'of 

perforiance and power consumption bottlenecks in dilferent

i"iig, styles. Certain misleading parameters have been

proierly modified and weighted to reflect the real properties of
'the' 

cimpared s*uctures. Furthermore, the results of the

compariion of representative latches and flip-flops illustrate

the)dvantagis of our approach and the suitability of dffirent

d e s i gn s ty I ei fo r I ow -p ow e r an d hi gh -p e rfo r m an c e a pp I i c a I i o n s'

l.INTRODUCTION
Interpretation of published results comparing various

latches and flip-flops has been very diffrcult because of different

simulation nrethods used for generation and presentation of

results. Certain approaches, [l], [2], etc., did not illus{rate real

performance and power features of the presented slructures. Tlte

*uio ,"uton fof ttrat was the improper consideration and

weighting of relevant parameters. In this paper we establish a

set of dis in order to make comparisons fair and realistic: Iirst,

definition of the relevant set of parameters to be measured and

rules for weighting their importance; and second, a set of

relevant simulition conditions, which emphasise the pararneters

of interest. The primary goal of simulation and optimisation

procedures was the best compromise between power

consumption and performance, given tlat the limitation in

performance is usually imposed by the available power budget'

2. ANALYSIS
2.1. Power Considerations

Data activity tate, A,, presents the average number of

output transitions per clock cycle' We lrave applied four

different data sequences where:'..0 1010 10 10 -. -, & = 1, reflects

ma,ximum internal dynamic power consumption; ltowever,

depending on the structure, tlre sequence '^'111111"' can in

so*" cuset dissipate more power. Pseudo-random sequence

withequalprobabi l i tyofal l t ransi t ions(dalaact iv i tyrate
q:0.5) is considered to reflect the average internal power

consumption given the uniform data distribution' Sequence:

... 1 I I I 1 1..., g = 0, refl ects the power dissipation of precharged

nodes while ...000000."., d = O, reflects leakage power

consumption and power spent on internal clock processing'
Dynamic power consnmption;f * estimated by:

Po = fC*Ydd.2 , where Cr$ =luikiC;

D cq is the switchiag probability of node i (in regard to the :

clock cycle) ,
n /q is tlie swing range coefficient of node i Gi:1 for rail to

rail swing)

n C is the total capacitance ofnode i

tr /is the clock frequencY

f Vdd istherail to rail voltage range (supply voltage)

Fig. I describes differences in switching activity, and

drerefore power consumption, for different design styles'

Capacitances Cb1o6 Cpo"ho,r,"arrd Cou, are calculated taking into

aciount the C and fti ioefficient of each node in the circuit'

Switching Parts

Static design

C 
"t 

= C,',,(P(o *r 1) +P(1 + o))

1 
Precharge, Single-ended

All nodes

Precharge
nodes
Output

Nothing

C * = C r*r(P(O 
-+ 1) + p(l -+ L)) + C 

",,Qt(0 
-+ 1) + p(1 + 0))

Precharge, Differential

C"*rn - precharge nodes on one side of differential tree

C*o - single-outPut nodes

Cun =Cp,""n{Ao-}l)+ dl +0)+ d0-+0)+ dl +i))+ 2Co",9[f,0-+\+ pQ-+o))

Fig. I. Sources of internal, dynamic power consumption

Semi-Dynamic slructures are generally composed of

dynamic (precharged) front-end and static output part' Thus

we desigrnted two majorpffective capacitances: Cp,""r,*s".$

C"*.eaihrepresentingfle cooespondinq mrt of the circuit' It

is-itrown orrFig. I thad these two capacitances have different

charging and discharging activities.- *Total 
effective precharge capacitance of semi-

dynamic, differential shuctures is comprised of two effective

capacitances of the same size: Conrt o,y,g and Cp,ect *g4t,wtich

Allnodes
1": 

Nothing

1 ;

i=1

( i )
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actually represent the two complementary halves of the
precharged differential tree.

We used the .MEASURE average power statement in
HSPICE to measure the power dissipation of interest. Results
were compared with the earlier power measurement method
prcsented in [3] and showed the same level of accurary.

There are tlree main sources of power dissipation in
the latch:
! Internal power dissipation of the latclq including the power

dissipated for switching &e output loads

n Local clock power dissipation, presents the portion of
power dissipated in local clock buffer driving the clock input
of the latch

n Local data power dissipation, presents the portion of power
dissipated inthe logic stage driving the data input of the latch

The parameter Total power refers to the sum of all
three measured kinds of power.

2.2. Timing
Stable region, Fig. 2, is the region of Data-Clk (the

time difference between the last transition of Data and the
latching Clock edge) axis in whtch Clk-Q delay does not depend
on Data-Clk time. As Data-Clk decreases, at certain point, C/L-
Q delay starts to rise monotonously and ends in failure. This
reglon of Data-Clk axis is the Metastable region. Metastable
region is defined as the region of unstable CIb-Q delay, where
the Clk-Q delay rises exponentially as indicated by Shoji in [T].
Changes in Data that happen inthe Failure region of D-Clk are
not transferred to the outputs of the circuit.

optimum sehrp time, the lirnit beyond which the performance
ofthe latch is degraded and the reliabitity is endangered.

Our interest is to minimize the De delay (or Dce*(J,
as defined by Unger and Tarq [6]) which presents the poiion
of time that the flip-flop or Master-Slave struchre takei out of
the clock cycle. Since Dco+U ) minimum D-Q @s defined in
Fig. 2) it is obvious that the cycle time will be reduced if it is
allowed for the change in Data to arrive no later than the
Optimum setup time before the trailing edge of the clock.

In the light of the reasons presented above, we
accepted lhe minimum D-Q delay as the Delay parameter of a
flip-flop or Master-Slave latch.

Metastable region consists of Setup and Hold zones.
Last data transition can be moved all the way to the optimum
setup time. First or late data transition is allowed to come after
the hold zone.

Hybrid design technique, [9], [13], [14], shifts the
reference point of hold and setup time parameters from the
rising edge of the clock to the falling edge of the buffered
clock signal which ends the transparency period. In this way
the setup and hold times measured in reference to the rising
edge of the clock (as conventionally defined for flip-flops) are
functions of the width of transparency period since their real
reference point is the end of that period (iust like in custom
lransparent latches).

3. SIMULATION
3.1, Test Bench

Fig. 3. The simuTafion test bench

Bu{fering inverters on Fig. 3 provide realistic Data
and Clock signals, while themselves fed from ideal voltage
sources. Capacitive loads simulate the fan-out signal
degradation. Since buffering inverters dissipate power even
without any external load (due to their internal capacitances)
we made the corrections of measured power of the shaded
inverters, Fig. 3, by interpolating the power over the wide
range of loads. In case of the Data inverter, the correction took
into account not only the inverter's intrinsic capacitance, but
also the load Cl.

Parameters of the MOS model used in our
simulations are shown in Table 1. For given technology, load
capacitance Cl =200fF equals the load of 22 minimal inverters
(wp/wn : 3.2ul1.6u). Dependence of power consumption on
clock frequency appeared to be nearly linear (since the
throughput was increased accprdingly), so we decided to fix
the frequency at 100MHz. /'

trrffisbHeregjo

c
.9(t
o
o
:t

tL

DqrlJ

nirimrnD

l$im-rnsdWline

OkQ$aHe

ooo I
* *

€ 0 € 0 4 0  - n  0  n  4 B  6 0  8 0  1 0 0
D-Clkdelayffi

Fig. 2. StrongArml l0flip-flop, 
.Stable, Metastable and Faihre

regtons

The question arises of how much we can letthe Clk-Q
delay be degraded in the Measable region and still have the
increase in performance (due to the minimum in D-Q) el;td,
insured reliability?

Dco ,f67, is the value of CIk-Q delay, Fig. 2, in the
Stable region, arlid U, [6], is the minimum point on D-Clk axis
which is still a part of the Stable region.

InMetastable region D-Q oxve has its minimum as we
move the last transition of data towards the latching edge of the
clock. It is clear that beyond that minimum D-Q pon:f' it is no
longer applicable to evaluate the Data closer to the rising edge
of the clock. We refer to D-Clk delay at that point as the
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Tabte t. MOS transistor model parameters

Technologt:

Charurel length
Min. gatewidth
Ma* gate width

I Vtp,n I
MOSFETModet:

Level 28 modifred BSIM Model

MOS Gate CaPacitanee Mdel:

Charge Conservation Model

Conditions:

.2 ytm
1.6 prn
22pm
0.7v

Nominal Vdd=2V, T=25oC

4. TRANSISTOR WIDTS OPTIMIZATION
All structures were optimized both in terms of speed

and power. We used the Levenberg-Marquardt optimization

Agorithm embedded in HSPICE' The search direction of this

allorithm is the combination of the Steepest Descent and the

Gluss-Newton method. A variety of other optimization

algorithms is available today, like the ones presented by Yuan

an"cl svenssorl in tlu and [12]. Both algorithms will eventually

lead to good results when applied to logic structures, but they do

not takJinto account the setup time parameter and therefore the

effective time taken from the cYcle'
First step is the optimization of both Clk-Q delay and

Total power, which essentially presents the optirnization in

terms of PDP with the addition of the Total power pamrneter.

Next step is the calculation and correction of the mininwn D-Q

taken as the Delay parameter. The problem arises in how to

calculate the Delay and find the minimum PDPtot in one step'

Several iterations are needed to achieve satisfying results'

New automated tools are needed especially because the

existing ones considet the Clk-Q delay as a relevant pammeter

for the-optimization. If we try to optimize MS latch in terms of

the classical PDP (Clk-Q * lntemal Power) the result rvill be

minimal Master latch optimized for low power, and Slave latch

optimized for both speed and power. The "optimized" structure

will have excessively large setup time thus requiring the largel

clock cycle to meet the timing requirements. The reason for such

result is tlrat the optimizer does not "see" the real perfonnance

through CIb-QdelaY.

5. RESULTS
We have chosen a set of representative latches and flip-

flops which have been designed for use either in high-

performance or in low-power processors.
Results of the simuiations are shown in Table 2' Porver

dissipation pararneters presented in Table 2 are for the pseudo-

random data sequence with equal probability of all kansitions'
The point of minimum Power-Delay Product exists and

presents the point of optimal energy utilization'
bDP,o, pa.ameter is the product of the Delay and Total power,

p*tn"t"tt. We have chosen the PDP,", as the overall
performance parameter for comparison in terms of speed and

p0wer.
Main advantages of PowerPC 603 MS latch, Fig' 8,

presented in [4], are short direct path and low-power feedback'

Tabte 2. General Characteristics

But, it has a big clock load which greatly influences the total

power 
"orrrurof,tion 

on chiP. ,.
Modification of standard dynamic C'MOS MS latclt,

Fig. 16, has small clock load, achieved by. the local clock

brfrering, and low-power feedback assuring fully static

operatioii. It is slower {ran PowerPC 603 MS latch. The faster

putt-up in PowerPC 603 MS latch is achieved by the -lt:.:f
iomolementarv pass-gates, which are less robust' Unlike

clasiical Cubssrocture, nC2MOS is robust to clock slope

variation due to the local clock buffering.
Milestones of hybrid-design technique are HLFF, Fig'

11, [9] and SDFF, Fig. 12, t131. SDFF is the fastest of all &e

pt"tlnt O strucfires. The sigrrificant advantage over HLFF lies

in n..y litfle performanJe penalty for embedded logic

functions. SDFF's larger front-end increases &e clock load,

but is needed to charge large effective precharge capacitance.

The size of this capacitance causes increased power

consumption for data patterns with more "ones"
K6 Edge-Triggered-Latch, Fig. 13, [14], is dynamic,

self-resetting, differential, lrybrid sffuctur€. It is very fast but

has very high power consumption independent on the data

pattern.
brecharged sense-amplifier stage SA-F/F, Fig' lj, !1Ol' Ta
the flip-11sp used in StrongArmllA, Fig'It t8l' Have !fr9
speed 

^bottleneck 
in output S-R latch stage' Uneven-.ti:t tld

fail times not only degrade speed but also cause glitches in

succeeding logic stages, which increases total power

conru*ption. The additional ffansistor in StrongArm FF, only

providei fully static operatiorq with little penalty in power and

delay.
SA-F/F, StrongArmll0 FF, and self-reset stage in K6

ETL have a very usefi,rl feature of monotonous transitions at

the oufputs, which drive fast domino logic, [14], [15]' These

structures also luve very srnall clock load.
The SSTC* and DSTC* MS latches, Fig' 9 and Fig'

10, were simulated with minimized Master latch, as proposed

in [5], and optimized Slave latch'
Using our optimization approach we got

approximately  }Yobetler )esults, in terms of PDP.,'
Minimized Mutt"t latch in SSTC* and DSTC*

sufflers from substandal voltage drop at the outputs, due to the

capacitive coupling effect between the conlmon no{e ol tle

Slave latch and tt'te floating high output driving node of the

Master latch. The optimized Master latch consumes more

power than the minimized one but minimizes the portion of
rhott 

"it"uit 
power dissipated in the Slave latch' With this

Nominal
conditions

# o f
I S .

Tolal
gate
width
[rtI

Internal
power

luwl

Clock
power
luwl

Data
power
luwl

Total
power
luwl

Delay
I psl

PD&a

PowerPC l 6 185 56 46 5 w7 266 28

FILFF z0 t62 126 1 8 J 148 199 x9

SDFF t6'7 178 27 a 207 187 3 9 r

mc'Mos 24 170 1 1 4 5 6 136 4 0 ,

SA-FIF l 9 714 L 5  I 8 J 1 5 8 a1a 43

StroneArm 20 215 t4 t 8 162 275 45

K6 ETL 5 t 246 330 5 5 349 200 70

ssTc 16 1 q  I t34 22 4 160 592 95

DSTC 1 0 136 172 a'j 4 198 629 t25:

SSTC* l 6 86 t32 t4 I 146 898 t 3 l

DSTC* t n / o t72 t85 1050 t96
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tradeof{ power remains the same and setup time is significantly
reduced which leads to much better pDp,o,. However, lhe
presented capacitive coupling effect along with the problems
associated with the glitches at the data inputs, noted by Blair in
[16], result in much worse perfonnance and power features
compared with other presented latches, even for the optimized
struchres SSTC and DSTC.

300

zcu
6g 2oo

S  1 s o
a

1 0 0

50

0

d f + 
,**" ".t- _r- 

""*Fig. 4: Overall Delay comparison

For systems where high-performance is of primary
interest, within available power budget, single-ended, hybrid,
semi-dynamic designs present very good choice, given their
features of negative setup time, and small internal delay. They
have comparable power dissipation to Static MS latches, but
much better performance .

Low-power pass-gate style used in PowerPC 603 and
modified C'MOS sgle are good choices for designs where
speed is not of primary importance.

Frg. 5 presents the ranges and distribution of PDP,", for different
data pattems. Symbol r designates the point of power
dissipation (PDP6,) for average activity data pattern.

m
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Fig. 5. Ranges of PDP6.

Detailed timing parameters of the presented structures
are shown nTqble 3"

On the basis of our comparisons, differential structures appear to
be worse than single-ended ones.

Differential structures switch for all data pattems and
have doubled input and output capacitive load. Differential
latches based on DCVS logic style suffer from uneven rise and
fall times which can cause glitches and short-circuit power
dissipation in succeeding logic stages.

Despite all described disadvantages, difierential
struchres have the unique property of differential signal
amplification. In case where logic h th".gipgling operates wirh
reduced vollage swing signals flrese latches have the role of
signal amplifiefs, i.e. swing recovery circuits, [10]. Thus, the
logic in the pipeline is the party that saves power and not the
latches tltemselves. Overall power dissipation of such pipeline
struchres is decreased. but latches themselves are not ideal low-

porryer structures, when tested solely. This is the reason why
they appear to have a bad compromise between po*", aoi
delay in comparison with other single-ended structures. Since
tfe future of low-power systems lies in reduced signal swing,
lire importance of differential logic and latching structures is
increasing.

Nominal
conditions

ctk-
Qhl
lnsl

clk-
Qllr
Iosl

Min.
DQhI
lnsl

Min.
DQIh

IosI

opt.
Setup

timelnsl
HLFF 195 9 I 199 t55 -21

PowerPC t45 39 266 220 79
SDFF t76 76 187 143 -21

mC'MOS t93 88 292 282 92
Stronq Arm 262 62 275 t7l -35

SA.F/F 262 162 272 168 -35
K6 ETL t68 204 4
ssTc 97 301 374 592 267
DSTC o a 3 1 8 375 629 26J

ssTc* 150 393 639 898 476
DSTC* 200 500 7t6 1060 480

Table 3. Timing parameters

s
o
150 m 2s g ffi & 4s m m ffi 6E-€-ssF

Ddqrlpsl

Fig. 6. Total Power range vs. Delay

On Fig. 6, hybrid structures show the best
performance, as they really should, due to the negative setup
tinie. If only Clk-Q paramet€r is taken as the valid
perfonnance indicator, ilre positive setup time of the MS
structures is hidden and lhey become comparable, if not better
llnn hybrid ones. This is illuslrated on Fig. Z, where PowerpC
603 MS latch becomes tlle "fastest", mC'?tvtOS MS latch
becomes as "fast" as HLFF and DSTC and SSTC MS latches
become comparable to other structures in terms of "speed ".
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Fig.

The amount of power consumed for driving the clock previous timing parameters and optimization methods were

inputs of each structure is shown on Figure 77. brought to light.

0  l 0 20 30 40
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Abstract

In conffast to previous buik optic approaches this

lefter describes a novel all-fibre polarimeter for

chemical sensing using D-fibre. The poiarimeter is a

single fibre sensor and less sensitive to environmentai

fluctuation in comparison with the tw'o fibre

interferomefric sensor. Theoretical sensitiviry

calculations are developed using a finite difference

method in order to provide design parameters to assist

in implementation of the polarimeter. The overall

retardation stabiiity of this D-fibre polarimeter rvas

measired to be 0.35x2n radlwlK and the phase

ehange corresponding to the antibody protein ( crHCG

and cHSA ) monolayers was 0.42x2n demonstrating

the benefits of the technique for use in

biotechnological applications.

1.  In t roduct ion

Recently there has been a considerable interest in the

development and use of optical fibres in the field of

biosensors especialiy due to the possibiiiry of in vivo

use 11-41. The main advantages of singie fibre optodes

(optlodes) are their compactness, flexibility of use,

and their extremely small size. Other potential

advantages are their mechanical flexibiiity, their

immunity to electromagnetic fieid variations,

inexpensive consiruction, kansmission oi oniy iow-

energ)' radiation and good biocompatability, so

application in a catheter is one of the possibilities.

Opticai sensor systems range from non invasive, fast

responding on-line sensors based on rurbidomerric

methods to continuously functioning chemo- or bio-

optodes. In most of the optical-fibre biochemical

sensors used nowadays the fibre is only used as the

lightguide from source to sensing element, which is

aftached at the fibre end [3]. An effective method,

however, involves the use of the fibre itself as the

sensing element as well as the lightguide. In this letter

the feasibility of using polarisation allowed to adsorb

onto 10 cm length of the D-fibre. The 3dy4n13oes nf a

polarimetric sensor compared to the two arm

interferometric sensor are its simplicilv and low

6i
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sensitivify to environmental fluctuations. The trade-

off, however, for the polarimeter is that of lower

sensitivify to the refractive index changes on the

swface [4].

2. Theoretical Analysis

Dyott and Schrank [5] have shown that D-shaped

cross-sectional fibre can be obtained by pulling fibre

from a preform having a polished flat. The

fi.urdamental advantage of D-fibre is tle closeness of

the core to the flat surface ofthe fibre, and hence a D-

fibre can be constructed which allows readv access to

the evanescent field of the guided light. In the

theoretical analysis it is assumed that two orthogonally

polarised modes can propagate (i.e. the quasi-TE and

the quasi-TM mode). The veiocity of the two modes is

slightly different by the virtue of the asymmetric shape

of the D-fibre and its elliptical core. Moreover greater

access to the bulk of the evanescent field on the

surface can be achieved with smaller d-distances (flat

surface/core distance). Any change in the refractive

index near the surface of the D-fibre can modulate the

propagation characteristics of these two modes. The

sensitivity change ia the refractive index profile of the

two modes is different due to their differing

penetration depths. Consequently any biochemical

process on the D-fibre flat will modulate the

poiarisation ofthe iight passing through the fibre [6].

The waveguide analysis is based on a well-established

finite difference (FD) method programme which has

been developed and used for several years and has

been shown to produce reiiabie and accurate results

for both planar and circuiar fibre geometries [7.8].

The basis of the procedure is to replace the wave

equations by finite difference reiations in terms of the

field at discrete points, The Rayleigh Quotient is used

to establish the effective refractive index n" of the

mode after each iteration [7,8].

The sensitivity of the D-fibre as an evanescent wave

sensor sfongiy depends on tkee parameters; namely,

the d-distance, the core diameter, and the core/ciadding

index difference (An). In [7,8] it was concluded that

maximum sensitivity can be achieved by increasing

(An) and by reducing the core diameter and d-distance

taking into consideration the practical limirations. Here

the caiculations are limited to the commercialiy

available D-fibre which was used in the experiments

comnrisins a

2x4pm core eliipse, with An:0.036, and l,:1.33pm.

The FD prograrnme was used to model the exact shape

of the D-fibre rather than using a planar waveguide

approximation 16]. The prograrnme was executed for

the above parameters to evaluate the effective

refractive index (ne) for both modes. The normaiised

birefringence .B is related to the effective refractive

indices of the quasi-TE mode n!, and quasi-TM mode

n! followngfTl:
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B = n ! - n !

lnserting values for the D-fibre into (1) yielded 8:4.18

x10-4 which was in good agreement with the actual

value of the fibre. This value corresponded to

approximately 0.85 nm penetration depth difference

between the two modes accordins to:

a, =tf t..{r4 -14

where dO is the penetration depth, ko =Ztrl .1 and

n4 is the ciadding refractive index. The biochemical

sensitivity of the D-fibre sensor depends upon the

difference in penetration depth ofthe evanescent fields

of the modes at the fibre flat. Hence the extent of the

biochemical response depends upon the d-distance.

ivforeover it is clear that the protective silica iayer and

most of the cladding layer have to be removed in order

to provide greater evanescent field penetration.

The geometrical bireftingence calculated as a function

of d-distance using (i) and the FD programme is

shown in Fig. 1 (characteristic a ). The outer layer

(buffer solution) is assumed to have re&active index

of i.33 (water). It may observed from Fig. I

(characteristic a) that the maximum birefringence is

achieved when the d-distance is zero and only at d-

diances less than 1.5 prm does the birefringence

significantly deviate from the large cladding thickness

value of 2xl0-4. Furthermore the biochemical

sensitivity behaviour can be calcuiated in similar

manner. An adsorption of bioiogicai macromolecules

such as antibodies, with refractive index 1.45 and

thickness 4 wn, was assurned t3]. Using Fig. 1

(characteristic a) the resulting increase in phase

change AO from the protein monolayer adsorption

was calculated as a function of d-distance according to

AO = LBLb., where.[ is the D-fibre sensor length

(interaction length) and LB is the change in

birefringence caused by the process to be monitored.

The increase in phase change against refractive index

is presented in Fig. 1 (characteristic b). Characteristics

(a and b) in Fig. 1 exhibit a similar trend and it is clear

that the maximum phase change (sensitivity) can be

achieved at minimum practicaliy achievable d-

distance. In addition, the phase dependence on the

biochemical layer refracrive index per centimetre

hteraction length of D-fibre was also caicuiated and it

is depicted in Fig. 2. Moreover it is apparent from this

characteristic that the phase retardation increases

when usilg higher refractive index biochemicais.

3. Experimental Measurements

A block schematic of the D-fibre polarimeter is shovm

in Fig. 3, The light source comprised a temperature-

stabilised pigtailed single-mode laser diode operating

at a wavelength of 1300 nm. In order to obtain a

biochemically sensitive poiarimeter part of the

cladding of the D-fibre has to be removed [7,8]. This

was achieved by chemical etching (using a HF.AI{H4F

solution) a 10 cm interaction length of the fibre thus
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providing the sensing element: the etching process

being monitored on-line by counting fringes. The fibre

was then removed from the solution after around half

the time had elapsed for the signal to be compietely

faded. Hence, a fibre exhibiting half the maximum

sensitivity but with a relatively high signal throughpul

was obtained. The remaining d-distance at half

maximum birefringence was estimated to be A.22 wm

using Fig. i (characteristic a).

In the experiment the fibre was placed in a cuvette

which was filied with a buffer solution (n:1.33). After

a stabilisation period, the buf[er was repiaced by the

antibody-protein (aHCG and crHSA) resulting in an

adsorption process. The concentration was chosen to

be high enough (+xt0-7 Molar) to result in a

rnonolayer of antibody-proteins on the D-fibre surface.

By applying simple fringe counting measurement a

phase change caused by the antibody protein

monolayers of 0.42x2n with 0.01x2n measurement

resolution was obtained which is shown in Fie. 4.

4. Conclusions

This letter demonstrates that the presence of a iayer of

proteins can be sensitively detected via phase change

measurements using poiarisation maintaining D-

shaped optical fibre in an all-fibre polarimetric

configuration. The adsorption of the antibodies (u

HCG and crHSA) have shown to produce a phase

ELECTRONICS, VOL.2, NO. i, SEPTEMBER 1998

change of 0.42x2n on a 10 cm interaction length. in

order to be abie to design and implement the

polarimeter, a finite difference analysis have been

carried out. The anaiysis have aiso been used to adjust

the D-fibre parameters (index difference, d-distance,

and core diameter) since the biochemical sensitivity

depends strongly upon the inkinsic D-fibre

parameters. Further sensitivity improvement can be

achiwed by using ionger interaction lengths and using

specialiy tailored D-fibre for this application using the

developed FD program.
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Figure Captions

Fig i. The birefringence variation (characteristic a)

and phase retardation (characteristic b) as a

function of d-distance.

Fig 2. Phase variation against the refractive index n4.

Fig 3. Experimental set-up.

Fig 4. aHSA and aHCG adsorption shown as phase

change measurement against time.

1 1



ELECTRONICS, VOL.2, NO. 1, SEPTEMBER 1998

0.0 0 .5  i . 0  1 .5

d-distance ( p m)

Fig 1. The birefringence variation (characteristic a) and phase retardation
(characteristic b) as a function of d-distance.
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Fig 4. ctHSA and aHCG adsorption shown as phase change measurement
against time.
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REMOTE SUPERVISION OF TELECOMMINICATION
TRANSPORT SYSTEMS AS A PART OF TMN

Master af Science Thesis

Author: Mr Zeljko V. Jungii

On April 10'h, 1998 a promotion of a new Master of Science Thesis took place after
the author's Mr Zeljko V. Jungii) successful presentation.
The object of the thesis is to describe one solution of the system for
telecommunication transport equipment remote supervision, which the author has
developed and implemented within a number of telecommunication networks.
Telecommunication equipment supervision, that is error confrol, is one of the possible
functions of the telecommunication management network - TMN.
The author has identified, through the general TMN model presentation, the place and
role of his own solution, inside this complex TMN.
The imporlance of TMN implementation in up-to-d,ate, very heterogeneous and
complex telecommunication networks, as well as some experiences in these network s
deveiopment in Republic of Srpska and all over the worid, are outlined in the
introduction and the second part of the thesis.
Many years ago, in 1985, the author recognized the importance of the remote
supervision, control and measurement rn the rad.io-relay kansmission networks in the
former Yugoslavia. The same year, the author started, with his colleagues &om the
Faculty of Electrjcal Engineering in Banja Luka, the development of a new
microcomputer based system for remote supervision called CS RSCM Sl2/128 which
has been used in telecommunication networks in Slovenia, Yugoslavia and.later in the
Republic of Srpska. These solutions have been incorporated and later presented in this
thesis.
According to the papers quoted. in the list of references, it can be also noted that since
the creation of the frst recommendations from M-30 series for TMN, which were
defined on the CCITT Plenary Session in Melbourne in 1988, the author has made
efforts to modify his own solution according to these reconlmendations.
The third part outlines the fundamental principles of TMN with a special emphasis on
the physicai and functional architecture. The elements of TMN physical architecture,
TMN functions, as well as a presentation of the most important interfaces and
protocols are described in detail. The author has also shown the role of his own
solution within the global TMN.
In the fourth and fifth parts, which represent the essence of this paper, the author
explained in detail his own CS RSCM system. The main system elements and their
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functional and eiectrical charccteristics are aiso presented,. The precise description of
all the Q-adapter functional blocks and mediator interface, with eiectrical schemes and
signal timing diagrams in characteristic points, are iliuskated.
The most important scientific contribution of this paper is given in the fifth part,
where special input /output circuits applied in the solution, are described. These
circuits highly enlarge the system immunify to interference, provide high securiqy in
transmission and nefwork information processing and at the same time reduce
implementation cost rapidly.
The frequency decoder description with hysteresis curve and the possibilif for
expanded area for application and, reahzation in the form of monolithic integrated
circuits in the standard CMOS technology deserves a special afiention. In the paper,
published in 1998 at the Yugoslav Conference ETAN in Sarajevo, Mr l"rrgic 1ru,
proposed an original solution for a detector with hysteresis frequency fransmission
curve.
The seventh part of the thesis deals with the engineers' usefu1 experience gained by
designing and exploiting of circuits as weli as the CS RSCM system circuits made in
CMOS technology, with a special empha.sis on the appearance of a latchup and the
reasons for a system failure. The most common cases for the appearun.. o] thyristor
effect on input/output CMoS circuits strucfure, as weli as the recommended steps for
the system protection from this effect, are shown. The software system support, with
the emphasis on the work with dynamic libraries and library functions for dynamic
connection and specific problems related to operation system communications with
exterior devices, are presented. A brief overview of the operatioa system
characteristics &om the aspect of software system realtzation for the remote
supervision, is also given.
The presentation of a system for the future SDH transport networks management is
given in the eigtht patt, and. the comparison between SAM network an6 multilayer
architecture applied to the osl comm'nication mod,els is presented..
The nev" SDH radio-telay transport network construction and implementation, which
is managed by its own SNM network, has just been finished as the author showed" in
the ninth part atd the importance of the cs RSCM soiution for the management
network is emphasized. A proposal for interconnection between his own solution of
the analog and PDH transport equipment supervision and the new SNM network for
SDH equipment management is given.
The purpose of the integrated network construction for supervision and control is the
unique operative system exploitation and the use of the possibilities which the SDH
network provides, in the sense of economic and reliable information transmission over
existing DCC and ECC channers, within the section of STM-I frame overhead.
The future network for transmission system management in Republic of Srpska, as
well as the points and ways for the cs RSCM and sDH network integration are also
illustrated.

Mentor:
Prof. Dr. Branko Dokii
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YNYTCTBO 3,A AYTOPE

Y 'Iaconacy EIIEKTPOHITIKA o6jannyjeuo Hayrrne n crpyrrge pagoBe r43ereK?poHr4Ke, y uajiuupervr cMr{cJry, Kao Ilrro cy: ay"oilrarr,1Ka, TeJreKovrynraxaqrje,patlyHapcKa rexHrIKa' eHeprerl{Ka, HyKJIeapHa Ir MeAI{I{aHcKa erIeKTpoHr{K a, a1atr&3a,Icr{HTe3a eJreKTpOHcKr.rx KoJra a. crrcreMa_. HOBe rexuorioruje u uarepujarn yeJreKTpollalpr, Irrq. Ocnrur Hafrar,rx, nperJreAHEX E crpyrrHsx pagoBa, npesenryjeuoHoBe npol43BoAe, npx<a:-vjeuo HoBe K[LLre, MartrcrapcKe a AoKTopcKe re3e. C qrrseu
Aa ce ovroryhn ynu$r.niapaire Te.xHr.lrrKe o6page paAoBa fr. noje{nocraBrserberuraMrralba qacor'ca ETIEKTPOHtr{KA, gaje ce ouo y*yr"rBo 3a ayrope.

PaAoez ce noc-TaBJ'ajy ypegHnry saconfica eJreKTpor{cKoM norrrroM [rra HaaApecy oarylteta (o6e agpece Ce naxase ua nonelar{E npBe <opnrle) Ha Ar4cKertr r.rogrrrraMrrauo y rpr,r npuujepxa.

cna 'pa npnvjep<a para rpe6a ga 6ygy oArrrraMrra'a caMo ca jegne crpaHe
rli'rcra Sopuara A4 ( giaraeHzuiaZlAxLgT mm, o[Hocxo irrtrpr{He 8.27,,,"".rrr" II.69,, ),foprbe r4 Aorbe Mapn{He oA 1", nNjene rr Aecne Maprr{He oE !,,, a 3a 3afJraBrbe H
uyuepaqujy crpanrrr{a ocraBr.{Tu a.5" (header u foother cy 0.5,,). paq uoxe 6urn
HanI{caH Ha cpncKoa'I I{Jrr{ eHHrecxou je:ary. Pag o6ane3no Mopa 6:ats nscan y gnnje
KonoHe ca pa3MaKolr u:,ltely KoJroHa og 0-5 cm. CyrepErrre gs ayTopr{Ma Aa paEoBe
9$pvjv Ha repcoranHoM paqyHapy ropucrehr- tpor{".op reKcra woRD FoR
wINDows, a 3a crrxKe rpa$nurr nporpaM CORELDRAV/. fpa$nKogu ,rgy r43
lr3BopHl{x rlporpaMa- rj' ns nporpa}v{a y rojarra cy go6ujena. Pag 

"" "pi6u 
3aBprrraBarr4

sa [oaIerKY crpaHI{qe- Axo 3a[I6a crpaurllla pyKo[Eca riaje nouym"uu, *ooo"e ua toj
crpaHnqrl rpe6a cBecrtr Ha r.rcry AF<]IHJ/.

Ha cpegnnn rrpBe fi"pa'liqe paEa Harrncaru y uoay$ery (bold) HacrroB paEa
ciloBl'Ilv{a BerI{qI{He 12pts. 3a1|Itlr, rarofe Ha cpegftHr4 rrpBe crpaHr{rle nor'rjepeuo :a 1
npoper y oAHocy Ha HaciroB paEa, rpe6a HaBecrir r.rMeua ayropa E Elyrega uucrntyqnja
y rojNrvra cy 3arlocreul4, BeJII{aIIrHoM cJroBa rojoru cy rrrraMrraHrr r{ ocranr gajenoea
TeKcra- Ocrane grajenone pyKoriaca :rpe6a o6pagrnnri y gnnje Korroue pa3MaKHyre 3a
10mm. Pag xyqau4 y npopeAy BeJu{aiune 1 a Beri4rrr4HoM cJioBa He Marlorvr og tr-Opts.
Ilocnaje HacJroBa paga I{ HMeI{a ayropa crnjegra KparaK cagpxaj Ha cprrcKou jesury
nEcaH Kyp3I{BoM (italic). lloguacnone y pyKorrr4cy rrrrcarv y nonyQety (bold) Berrr{Kr{M
ciroBl4lvla BeJrutIIIHe Kao y reKcry (ue uarsatvr og 10pts). Cears pag Mopa nocjegonaru
Ha [oaIeTKy TIOAHaCJIOB YBOA, a Ha Kpajy IIoAHacjIoBe 3AKI6}rqAK ,I
III'ITEPATyPA. Ha xpajy paAa Harra3l{ ce Kparax cagp>raj (Abstlact) r{ HacrroB paga
Ha eHrJrecKovr j*nxy ca E!,reHHN{a ayropa.

Oneparope I{ o3uaKe Berl{qrna roje ne ysnlaajy 6pojHe epajeguocr:u rrv.caru
o6[IqHrru{ cJroBlrMa, a o3HaKe Befinqr,rHa roje rraory y3zMarn 6pojHe npujeguocrn
rrucarl4 Kyp3r.lBoM (italic). Jegnaurane ce nr4rrry y jegi{oj KoJroHr,r ca HyMepaulljou ya
AecHy I4BI'Iqy. Aro ce He )KOJII{ [penaMa*e jeguavuHe frlfi4 cirr{Ke, racre ce Mory
craBr4Tr4 rlpeKo o6e xonone.

l1nycrpaq{e (ta6ene, cJrrrKe, rpa$NxoHn ia cl.) Mory, no norpe6 u, pa 6ygy
urEpe og jegue KoJroHe. Vlsttaa ra6ene rpe6a ga c'rojrz Harrr[c nrrp: Ta6e na 2.
Pesynraru eKcrrepr'rMer{TaJrarrx wjepetra. Cnlr.rHo B&Kr4 3a cJrr4Ke a rpa6nroge. c rr4}.r
irrro rlpofiparnr{ TeKcr }rAe rzcnog cJr}IKe unn rpaSilKoHa.

Ha rpajy paga rpe6a rorlrcarra r<opruuheny rrareparypy oHr.iM peAocJLeAoM
rojnn je uosxearia y reKcry. JLa.reparypy y reKcry np.ou-riuouor"'y yrnacrr4M
3arpanaMa, Hrrp: ...y Lzlje noraaauo...
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