NEKONVENCIONALNI MJERNI
PRETVARACI
UNCONVENTIONAL MEASURING
TRANSDUCERS

U elektroenergetskim postrojenjima veéinu naponskih i strujnih mjernih pretvaraca cine
naponski, odnosno strujni mjerni transformatori s feromagnetskom (Zeljeznom) jezgrom
(konvencionalni mjerni pretvaraci). Napredak tehnologije omogucio je razvoj i uporabu drukgcijih
vrsta mjernih pretvaraca bez feromagnetske jezgre ili uz uporabu drugih feritnih materijala koji
imaju velike prednosti (nekonvencionalni mjerni pretvaraci). U radu je predstavljena teorija
nekonvencionalnih nacina pretvorbe mjernih signala napona, odnosno struje, te najvaznija
obiljezja nekonvencionalnih mjernih pretvarada. Nekonvencionalni mjerni pretvaraci imaju brojne
prednosti pred mjernim transformatorima s feromagnetskom jezgrom: jeftiniji su, smanjeni su
troSkovi i pojednostavljena je njihova ugradnja, postizu veliku to€nost u mjerenjima, manjih su
dimenzija | imaju manju masu.

In electric power transmission systems most voltage and current measuring transducers are
conventional high-voltage and current measuring transformers with a ferromagnetic (iron)

core (conventional measuring transducers). Progress in technology has made possible the
development and usage of different kind of measuring transducers without ferromagnetic cores
or with other ferrite materials that have many significant advances (unconventional measuring
transducers). This essay shows the theory of unconventional methods of measuring voltage and
current signals and the most important characteristics of unconventional measuring transducers.
Unconventional measuring transducers have numerous advantages over conventional measuring
transformers with ferromagnetic cores: they are affordable, installation costs are reduced,
installation is easier and faster, they achieve high accuracy, and have smaller volume and mass.
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U elektroenergetskim postrojenjima vecinu napon-
skih i strujnih mjernih pretvara¢a za prilagodivanje
mjerne veli¢ine ¢ine naponski, odnosno strujni
mjerni transformatori s feromagnetskom (Zeljez-
nom) jezgrom Kkoji se u praksi nazivaju konvenci-
onalnim mjernim pretvara¢ima. Konstrukcija i
nacini izrade konvencionalnih naponskih i struj-
nih  mjernih transformatora dosegnuli su svoj
maksimum i nisu se znatnije mijenjali u posljednih
nekoliko desetlje¢a. Pri tome sve viSe dolazi do
izrazaja nekompatibilnost izmedu suvremenih
elektroni¢kih mjernih instrumenata i uredaja
relejne zaStite s postojecim rjeSenjima strujnih i
naponskih mjernih transformatora. Zbog toga je
potrebna ugradnja mjernih medutransformatora
kojima se mijereni ulazni signali snizavaju na
razinu prikladnu za rad elektroni¢kih sklopova,
Sto za posljedicu ima povecane troSkove mjernog
sustava i smanjenje njegove tocnosti.

Napredak tehnologije omogucio je razvoj i upo-
rabu druk¢ijih vrsta mjernih pretvarata - bez
feromagnetske jezgre - ili uporabu (umjesto
standardne Zeljezne jezgre) drugih feritnih mate-
rijala koji imaju bolji odziv na brze promjene
mjernih signala. U praksi se takvi mjerni
pretvarac¢i nazivaju nekonvencionalnim mjernim
pretvaracima.

Kao popratni dio sustava nekonvencionalnih
mijernih pretvaraa redovito se ugraduju elektro-
ni¢ki sklopovi koji su Cesto integrirani u same
mjerne pretvarace [1] (njihova velika prednost
prema konvencionalnim rjeSenjima). Na taj
se nacCin ostvaruje potpuna kompatibilnost s
digitalnim mjernim uredajima koji su sve zastup-
ljeniji u sustavima mjerne i zastitne tehnike jer
omogucuju veliku fleksibilnost glede broja i vrsta
funkcija koje se pomocu njih mogu ostvariti.

INTRODUCTION

In electric power transmission systems most
voltage and current measuring transducers used for
adjusting measured values are voltage and current
measuring transformers with a ferromagnetic
(iron) core. These iron core transformers are often
called conventional measuring transducers. The
construction and production of conventional voltage
and current measuring transformers have reached
their maximum and have not changed significantly
over the past decades. Incompatibility between
modern electronic measuring instruments and relay
protection devices with existing solutions of current
and voltage measuring transformers is becoming
more evident. There is always a need for auxiliary
measuring transformers, which lower input signals
to the level required for electronic devices to work.
This increases the measuring system’s costs and
lowers its accuracy.

Developments in science and technology have
made possible the use of other kinds of measuring
transducers without ferromagnetic cores or with
other ferrite materials because they have a better
response to rapid signal changes. Such transducers
are usually called unconventional measuring
transducers.

Electronic circuits are regularly integrated into
the transducers themselves as an appendix to
unconventional measurement systems. In that way
full compatibility with digital measurement devices
is ensured (that is the biggest advantage over
conventional measuring systems). These devices
are more frequent in measurement and protective
systems because they enable greater flexibility
concerning the number and kind of functions.
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MJERNI PRETVARACI

Kako bi spomenuti sustavi uopée ispravno radili,
potrebno im je osigurati $to je moguce ciséu
sliku mjerne veli¢ine. Zbog uporabe elektronickih
sklopova koji rade na niskim naponima, naj¢escée
do 12 V, potrebno je smanjiti mjernu veli¢inu na
iznos prikladan za mjerenje. Tijekom pretvorbe
mjerne veliCine na pogreSku mjerenja najviSe
utjecu sljedeci ¢imbenici:

- klimatski utjecaji (temperatura, vlaga itd.),

- elektromagnetski utjecaji okolnih elemenata u
postrojenju,

- fizikalne osobine materijala upotrijebljenih u
konstrukciji samog pretvaraca.

Za mjerenje napona u praksi se sve Ce$ce rabe
otporni¢ki, kapacitivni i kompenzirani (RC) djeli-
telji [2], naponski opti¢ki mjerni pretvaraci [3],
[4], [5], [6], a za mjerenje struje shuntovi (tj.
pad napona na otporniku) [71, strujni opticki
mjerni pretvara¢i [8], Hall sonde [9] i di/dt
pretvarati (Rogowsky svici) [2]. Cesto se, zbog
teznje prema jednostavnosti i kompaktnosti,
izraduju kombinirani mjerni pretvaraci koji u sebi
ujedinjuju elemente za mjerenje napona i struje.
Nekonvencionalni mjerni pretvaraCi imaju brojne
prednosti prema mjernim transformatorima s
feromagnetskom jezgrom. Najvaznije prednosti
(osim kod pretvaraca koji u konstrukciji sadrze
feritne materijale) su $to nema:

- ucinka histereze,

- zasi¢enja magnetskog polja pri velikim stru-
jama,

- ucinka ferorezonancije koja uzrokuje termi¢ko
preoptereéenje - §to najéesSce ima za posljedicu
unistenje naponskih mjernih transformatora.

Opcenito, moderni pretvara¢i mogu se podijeliti
na:

- hibridne - temeljene na poznatim i veé
rabljenim mjernim postupcima i metodama,

- opticke - temeljene na promjenama optickih
obiljezja pojedinih kristala i drugih materijala
u magnetskom i elektricnom polju. Kod tih
pretvarata mijerenje struje temelji se na
djelovanju magnetskog polja na kut polariza-
cije svjetlosti, a mjerenje napona temelji se
na djelovanju elektri¢nog polja na promjenu
polarizacije svjetlosti iz linearno polarizirane
u elipti¢ki polariziranu svjetlost.

MEASURING TRANSDUCERS

To make possible the proper usage of the systems
mentioned above, it is necessary to ensure as
clean an image as possible of the measurement
values. Because of the use of low voltage electronic
circuits, usually up to 12V, it is necessary to reduce
the unit of measurement to one that is appropriate.
Factors affecting measured values during the
transformation process are:

- climatic influence (temperature, moisture, etc.),

- electromagnetic influences of other elements
present at the power plant,

- physical characteristics of materials used in the
construction of the transducer.

For measuring voltages, in practice the following
are more and more frequently used: resistive,
capacitive and compensated (RC) voltage dividers
[2], current shunts [7], voltage optical measuring
transducers [3], [4], [5], [6], current optical
measuring transducers [8], Hall probes [9] and
di/dt transducers [2]. The necessity for simplicity
has often led to making combined measuring
transducers which unify the elements for measuring
both - voltage and current. Unconventional measur-
ing transducers have significant advantages over
measuring transformers with a ferromagnetic core.
The most significant advantages are: (expect to
those made with ferrite material):

- no effect of hysteresis,

- no saturation of the magnetic core at high
currents,

- no ferroresonance which causes thermal over-
load having as an effect the destruction of
voltage measuring transformers.

In general, modern transducers can be divided into
two groups:

- hybrid - based on already known and used
measurement procedures and methods,

- optical - based on the impact which magnetic
and electrical fields have on the optical features
of certain crystals and similar materials. Current
measurements are based on the impact of a
magnetic field on the angle of light polarization
in the case of transducers, while voltage
measurement is based on the impact of the
electric field on the change of polarization from
linear polarized to elliptic polarized light.
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Slika 1
Djelitelj napona
Figure 1
Voltage divider

NAPONSKI MJERNI
PRETVARACI

Otpornicki, kapacitivni i kompenzirani (RC)
djelitelji napona
Pri mjerenjima niskih i srednjih napona u raspo-
nu 24 V do 24 kV za prilagodivanje mjernog
signala napona upotrebljavaju se mjerni pre-
tvaraci temeljeni na mjerenju pada napona na
impedanciji, tzv. djelitelji napona (slika 1). Nacelo
rada djelitelja napona izvedeno je iz temeljnog
Ohmova zakona [2], [71i [10].

VOLTAGE MEASURING
TRANSDUCERS

Resistive, capacitive and compensated (RC)
voltage dividers
When measuring low and middle voltages in the
range from 24 V to 24 kV, transducers are used for
adjusting the measuring voltage signal, based on
measuring the fall in voltage on impedance. These
transducers are called voltage dividers (Figure 1).
The basic principle of a voltage divider is deduced
from basic Ohm’s law [2], [7] and [10].
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Za mjerenja na niskom i dijelom na srednjem
naponu, do 10 KV, sinusoidalnog valnog oblika
relativno niske frekvencije, redovito se upotrebljavaju
tzv. otporni€ki djelitelji napona. Oni se izraduju od
otporne Zice malog temperaturnog koeficijenta,
kako njihov otpor ne bi ovisio o temperaturi okoline
i struji optere¢enja. Kod predmetnih djelitelja
imaginarna je sastavnica zanemariva i ne utjece na
valni oblik i mjernu veli¢inu.

Za mijerenje napona iznad 110 kV upotrebljavaju
se kapacitivni djelitelji napona (kapacitivni na-
ponski transformatori), zbog vecih izolacijskih
naprezanja koje podnose kondenzatori i vecih
potrebnih razmaka izmedu vodljivih povrSina.

Najistaknutija osobina otporni¢kih djelitelja na-
pona je frekvencijsko podrucje koje se proteze od
0 do 3 kHz (slika 2).

Q)

@

©)

For measuring sinusoidal wave form with relatively
low frequency at low and partially at medium voltage,
up to 10 kV, so called resistive voltage dividers are
regularly used. They are made of resistive wire with
a small temperature coefficient, so their resistance
does not depend on the environmental temperature
or the current load. The imaginary component of
these dividers can be ignored and it does not affect
the waveform and measured value.

For measuring voltage above 110 kV, capacitive
voltage dividers are used (capacitive voltage
transformers) because of the higher isolation
exertions withstandable by condensers and the
greater distance needed between conductive areas.

The most significant feature of resistive voltage
dividers is their frequency range which spans from
0 to 3 kHz (Figure 2).
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Slika 2
Frekvencijska
1 karakteristika
otpornic¢kog djelitelja
napona
Figure 2
Frequency
characteristic of
resistive voltage
divider
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Na slici 2 zorno se uoCava da relativno niska
grani¢na frekvencija otporni¢kog djelitelja napona
ogranitava mjerenje napona visokih frekvencija
i vjerno prikazivanje valnih oblika sa strmim
bridovima na njihovu izlazu. Zbog toga se za
mjerenje nesinusoidalnih, ali i sinusoidalnih valnih
oblika veéih frekvencija, iznad 3 kHz, u paralelu
otporima dodaju kondenzatori za kompenzaciju
[11]. Takvi se djelitelji nazivaju kompenzirani (RC)
djelitelji napona (slika 3).

From Figure 2 it is clearly visible that the relatively
low end frequency of a resistive voltage divider
limits the measuring of voltage of high frequency
and also limits the correct showing of waveforms
with sharp edges on their exit. Because of this, in
order to measure nonsinusoidal but also sinusoidal
wave forms of high frequency, above 3 kHz, con-
densers are added in parallel to the resistors for
compensation [11]. These dividers are called
compensated (RC) voltage dividers (Figure 3).

Slika 3
Kompenzirani (RC)

“ djelitelj napona
Figure 3
R C, Compensated (RC)
—

voltage divider

Predmetni djelitelji imaju ograni¢enu gornju
grani¢nu frekvenciju, odredenu paralelnim spojem
R i C komponenata. Djelitelj u tom slu¢aju mora
zadovoljavati uvjet:

7-Q:R1'C :R2'02

gdje je T, = 1/f vremenska konstanta RC kombina-
cije djelitelja napona, a fggornja grani¢na frekven-
cija.

Ta vrsta mjernih pretvarata moze bez oStecenja
podnijeti velika naponska opterecenja. To u
praksi znaCi da otpor takvih pretvara¢a mora biti

ul &
- U
This divider has a limited upper borderline

frequency which is determined by the parallel
connection of R and C components. In this case the
divider should satisfy this condition:

@

where T = 1/f is the time constant of the RC com-
bination of voltage divider, and f is the upper
borderline frequency.

This type of measuring transducer can endure
significant voltage loads without damage. In practice
this means that the resistance of these transducers
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jako velik. Posljedica toga je da struja u manjem
iznosu teCe kroz djelatnu komponentu ukupne
impedancije, a uglavnom tece kroz parazitne
kapacitete, nastale kao rezultat konstrukcije otpor-
nika. Jalova komponenta struje uzrokuje znatan
fazni pomak koji nastaje pri pretvorbi i koji se
najc¢esée kompenzira kalibriranjem u elektroni¢kim
sklopovima koji obraduju te signale.

To¢nost djelitelja napona ovisi o:

- temperaturnom koeficijentu otpora (i kon-
denzatora kod kompenziranih djelitelja),

- naponskom koeficijentu promjene otpora,

- parazitnom kapacitetu otpora,

- elektromagnetskom utjecaju susjednih faza.

Bez posebnih uvjeta, u praksi se postizu to¢nosti
od najmanje +0,5 %, a uporabom odgovarajucih
materijala i temperaturne kompenzacije postizu
se to€nosti od +0,1 % u podruc¢ju temperatura
od -40° C do 120° C. Najbolje je to¢nost odrediti
mjerenjem. Dokazano je da se u praksi postizu
to¢nosti od +0,04 % pri naponima od 175 %
nazivne vrijednosti [12]. Djelitelji napona imaju
sljedece prednosti pred naponskim mjernim
transformatorima s feromagnetskom jezgrom:

- velika linearnost u Sirokom rasponu frekvencija,
- niska cijena i jednostavnost izrade,

- male dimenzije i mala masa,

- nema zasiéenja i u¢inka ferorezonancije.

Naponski opti¢ki mjerni pretvaraci

Naponski opti¢ki mjerni pretvaraCi polagano preuzi-
maju svjetsko trziste zbog svojih prednosti pred
naponskim transformatorima s feromagnetskom
jezgrom. Na trZiStu su se probili ponajprije zbog nize
cijene, smanjene mase i jednostavnosti ugradnje.
Primjerice, naponski opti¢ki mijerni pretvarac
proizvoda¢a ALSTOM [4] ima visinu od 7,3 m i
masu od samo 230 kg, a upotrebljava se za mjerenje
napona do 800 kV (ispitni napon 2 100 kV). Osim
toga, relativno jednostavno ga se moze pretvoriti
u strujni, ili ¢ak kombinirani mjerni pretvara¢
zamjenom mijerne glave.

Ta vrsta pretvaraca temelji svoj rad na promjeni
linearno polarizirane svjetlosti u elipti¢no polariziranu
svjetlost [3], u dvolomnim kristalima pod djelovanjem
elektricnog polja. Elektricno polje stvara razlika
potencijala, koja nastaje zbog fazne razlike dva
polarizirana vala koji su medusobno fazno pomaknuti
i ¢ije su polarizacijske ravnine medusobno okomite.
Opisana pojava u fizici se naziva Pockelsovim
efektom, a upotrijebljenisustavi kristala Pockelsove
Celije. Kristali koji se upotrebljavaju ne smiju biti
centralno simetri¢ni.

Kao osjetilne Celije rabe se kristali litij-kalcij-
aluminij-heksafluorida (LiCAF), litij-stroncij-alumi-

should be very high. As a consequence the
current runs to a lesser degree through the active
component of total impedance, but mostly runs
through parasitic capacitance which originates as a
result of resistor construction. The reactive current
component causes significant phase shift which
originates during the transformation and which is
most frequently compensated by calibrating in the
electronic circuits that process these signals.

The accuracy of voltage dividers depends on:

- temperature coefficient of the resistor (and
condenser when compensator dividers are used),

- voltage coefficient of resistance changes,

- parasitic capacitance of resistance,

- electromagnetic influence of neighboring phases.

Without special conditions, an accuracy of at
least £0,5 % is achieved, while the use of certain
materials and temperature compensation make
possible an accuracy of +0,1 % in temperatures
ranging from -40° C to 120° C. Measuring is the best
way to determine accuracy. Pratice has shown that
an accuracy of +0,04 % can be achieved at 175 %
nominal voltage value [12]. Voltage dividers have
significant advantages when compared to voltage
measuring transformers with ferromagnetic cores:

- high linearity in a wide frequency range,
- low price and simplicity of construction,
- small dimensions and mass,

- no saturation and ferroresonance effect.

Voltage optical measuring transducers

Voltage optical measuring transducers are slowly taking
over the world market because of their advantages when
compared to voltage transformers with a ferromagnetic
core. They are highly valued because of their lower
price, smaller mass and simplicity of installation. For
instance an optical voltage transducer made by the
ALSTOM [4] company has a height of 7,3 m and mass
of only 230 kg, and is used for measuring voltages up
to 800 kV (its test voltage is 2 100 kV). Apart from that,
it is relatively easy to transform it to a current or even
combined measuring transducer by simply changing
the measuring head.

The working of this kind of transducer is based on
changing linear polarized light to elliptic polarized light
[3]in birefringence crystals when placed in an electrical
field. This electrical field makes potential difference.
It originates because of the phase difference of two
polarized waves which are phase-shifted and whose
polarization planes are perpendicular. This phenomenon
is called Pockel’s effect, while the systems of crystals
which are used are called Pockel’s cells. The crystals
used must not be centrally symmetrical.
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nij-heksafluorid (LiSAF), bizmut-silicij oksid (BSO),
bizmut-germanij oksid (BGO) i sl. Kristali su
relativno malih dimenzija, volumena reda veli¢ine
nekoliko kubi¢nih centimetara [13].

Pockelsove ¢elije mogu se upotrebljavati u
transverzalnoj konfiguraciji  (tzv. frekvencijski
modulatori) ili  longitudinalnoj  konfiguraciji
(tzv. amplitudni modulatori). Kod transverzalne
konfiguracije svjetlosni je snop okomit na smjer
vektora elektri¢nog polja, a kod longitudinalne
konfiguracije smjer svjetlosnog snopa podudara
se sa smjerom vektora elektricnog polja. U
praksi se ¢e$c¢e upotrebljavaju Pockelsove celije
u longitudinalnoj konfiguraciji. Promjenjivo polje
u kojem se nalazi kristal uzrokuje promjene
jakosti efekta Cija je posljedica nastanak dvaju
valova koji su medusobno okomito polarizirani i
medusobno su pomaknuti u fazi. Taj pomak na
kraju kristala uzrokuje promjene u elipti¢nosti.
Promjena elipti¢ne polarizacije svjetlosti ocituje
se kao promjena u intenzitetu na izlazu iz kristala
i prolasku kroz analizator (slika 4).

\

Napon koji stvara elektri¢no polje izmedu dvije
toCke unutar podrucja djelovanja polja [3] dobije
se integracijom prema izrazu:

V., = -bjE,(x)dx

gdje su a i b to¢ke izmedu kojih se rauna razlika
potencijala, tj. napon, a E, polje u smjeru x osi.

Ako se zbog nehomogenosti polja integral iz izraza
(5) aproksimira diskretnim vrijednostima unutar
nekih konac¢nih podru¢ja stvorenog elektricnog
polja, dobiva se izraz:

Crystals of lithium-calcium-aluminium-hexafluoride
(LiCAF), lithium-strontium-aluminium-hexafluoride
(LiSAF), bismuth-silicat oxide (BSO), bismuth-
germanium oxide (BGO) and others are used as
sensing cells. Their dimensions are relatively small,
sizes of a few cubical centimeters in volume [13].

Pockel’s cells can be wused in transversal
configuration (so-called frequency modulators) or
longitudinal configuration (so-called amplitude
modulators). When used in transversal configuration
the light beam is perpendicular to the electrical
field vector, while in the case of longitudinal
configuration the light beam is parallel to the
electrical field vector. Pockel’s cells are more often
used in a longitudinal configuration. A changeable
field which contains a crystal causes the changes in
the strength of the effect whose consequence is the
appearance of two waves which are perpendicularly
polarized and phase-shifted. This distortion
causes elliptical changes. This change of elliptic
polarization of light is manifested as a change in
intensity at its exit from the crystal and passing
through the analyzer (Figure 4).

-

\/

The voltage caused by the electrical field between
two points inside the area of the field [3] can be
calculated according to this equation:

©)

where a and b are points between which voltage can
be measured, while E, is a field in the direction of
the x axis.

If, due to the inhomogeneity of the field, the
integral from equation (5) is approximated by
discrete values within certain finite areas of the
created electrical field, we get the equation:
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Slika 4

Linearno polarizirana

zraka koja ulazi u kristal
nakon prolaska kroz
polarizator (lijevo) i elipti¢no
polarizirana zraka nakon
prolaska kroz kristal (desno)
Figure 4

Linearly polarized light beam
entering crystal after passing
through polarizer (left) and
elliptically polarized beam
exiting crystal (right)
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u kojemu je &; udio u sumiranju napona, E;
diskretno polje na i-tom djelu raspodjele polja, a
Sirina diskretnog podruc¢ja djelovanja polja E,.

Aproksimirane diskretne vrijednosti predstavljaju
podru¢ja unutar kojih se postavljaju mjerne sonde
i, na temelju mjerenja odredenog broja sonda,
zakljuCuje se vrijednost mjerenog napona.

Retardacija [14] u Pockelsovu efektu moze se
prikazati sljede¢im izrazom:

_2-mr-n-E-l

Ap .

u kojemu je Af fazna razlika svjetlosti inducirana
u kristalu (retardacija), A valna duljina svjetlosti,
n, koeficijent loma opti¢kog kristala, r linearni
elektro-opticki koeficijent optickog kristala, E
elektricno polje i / duljina kristala.

Linearni elektro-opti¢ki koeficijent kristala r
je tenzor koji se, zbog vrlo sloZzenog nacina
odredivanja njegove vrijednosti primjenom mate-
matickog modela, u praksi naj¢e$¢e odreduje
mjerenjem.

Intenzitet polarizirane svijetlosti / nakon prolaska
kroz analizator iznosi:

sing-1/

l:fu,-[1+Aﬁ-T-cos(2¢—9-l)

gdje je I, intenzitet svjetlosti na ulazu u kristal,
@ kut izmedu polarizacijskih osi polarizatora i
kristala, @ koeficijent zakreta kristala (°/mm),
I duljina kristala i Aﬁ fazna razlika svjetlosti
inducirana u kristalu.

Transverzalna konfiguracija
Kod transverzalne konfiguracije mjerenja napona
(slika b) svjetlosni izvor daje svjetlosnu zraku Cija
se ravnina titranja okreée kutnom brzinom Awt/2
[4]. Polarizator i analizator imaju medusobno
zakrenute osi vektora propustanja za 45°.
Prolaskom zrake kroz kristal te zbog djelovanja
elektricnog polja ravnina titranja dodatno se
zakrene za kut @. lzlazna zraka, zajedno s ulaz-

©®)

where & is a portion in summing the voltage, E;is
a discrete field on part / of the divided field, and the
width of the discrete distance of field E.

Approximated discrete values present areas where
measuring probes are installed and where, based
on the measuring of certain numbers of probes, the
value of measured voltage can be determined.

Retardation [14] in the Pockel's effect can be
shown by this expression:

@

Whereas Af3is the difference in phase shift of light
induced in the crystal (retardation), A is the wave
length of light, n,the refraction coefficient of the
crystal, rthe linear electro-optical coefficient of the
crystal, E the electric field and / the length of the
crystals.

The linear electro-optical coefficient of crystal r
is a tensor which because of the complicated way
of determining its mathematical value is most
commonly determined by measuring.

The intensity of polarized light [/ after passing
through the analyzer is:

®)

I, is the light intensity entering the crystal, & is
the angle between the polarization axes of the
polarizer and crystal, @ the crystal’s beam rotation
coefficient (°/mm), / length of crystal and A the
phase difference induced in the crystal.

Transversal configuration
When measuring voltage in a transversal configura-
tion (Figure 5), the light source spreads a light
beam whose oscillation vector rotates with angle
velocity Aat /2 [4]. The polarizer and analyzer
vector axes make a 45° angle. When the beam
passes through the crystal and the electrical field
the oscillation vector is twisted by an additional
angle @. The output beam and input beam are
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nom zrakom, dovede se elektroni¢kom sklopu za
detektiranje faznog zakreta. Projekcija okretnog
svjetlosnog vektora na vektor propustanja analiza-
tora daje na izlazu intenzitet svjetlosti:

| = %[1 +sin(Aot +6)]

Kristal / Crystal

\

brought to an electrical device for measuring phase
differences. The projection of the rotating light field
vector on the vector of the analyzer's pass through
gives light intensity according to this equation:

©

Vodi¢ / Conductor

Metalom naparene povrsine /
Diffused metal film

>

Uzemljenje / Grounding

S obzirom na to da je za mjerenje potrebna samo
promjenjiva komponenta zbog usporedbe s ulaznim
signalom /=/, Awt dobiveni se signal filtrira, $to
osigurava da se usporeduje samo komponenta:

[ = %"sin(Acot +6)

Kod opisanog natina mjerenja bitan je kut & te
je predmetni sustav neosjetljiv na promjene
intenziteta zrake svjetlosti.

Longitudinalna konfiguracija
Alternativni nacin mjerenja je mjerni sustav
amplitudne modulacije (longitudalna konfiguracija)
koji ¢ine polarizator, valni filtar za ponistavanje
retardacije, kristal u elektricnom polju mjerenog
napona i analizator (slika 6) kojim se omogucuje
mjerenje napona prema jednadzbi:

l

I="m [14sin(K - U(t))]

I\)|3

u kojemu je [ intenzitet svjetlosti nakon prolaska
kroz analizator, /,, poCetni intenzitet svjetlosti te K
konstanta Pockelsove osjetljivosti.

Zraka svjetlosti / Light beam

Only the variable component is needed for the
comparison with input signal /=/, At . The output
signal is then filtered ensuring comparison of the
component according to this equation:

(10)

In the described method of measuring, the angle &
is important, and this makes the system insensitive
to changes of light beam intensity.

Longitudinal configuration

An alternative way of measuring is a measuring
system with amplitude modulation (longitudinal
configuration) which consists of a polarizer, a wave
filter for compensating retardation, a crystal in an
electrical field of measured voltage and an analyzer
(Figure 6) which enables voltage measuring accor-
ding to this equation:

(11)

Where [ is the light intensity after passing through
the analyzer, [, the light intensity of the input
beam, K the Pockel’s sensitivity constant.
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Slika 5
Pockelsova ¢elija
u transverzalnoj
konfiguraciji
Figure 5
Pockel’s cell

in transversal
configuration



Slika 6

Mjerenje napona Vodi¢ / Conductor
pomocu Pockelsove
¢elije u longitudinalnoj /
konfiguraciji -
Figure 6

Measuring voltage

with Pockel’s cells Vodljive prozirne
in longitudinal povr§in<e_/
Conductive

configuration
transparent areas

Uzemljenje / Grounding

Za priklju¢enje mjerenog napona na celije rabe
se tanki, metalom napareni slojevi. U praksi se
najceS¢e upotrebljavaju 3 mjerne Ccelije koje
daju vjernu sliku napona koji se mjeri. Raspored
Pockelsovih ¢elija u naponskom transformatoru
predocen je na slici 7.

Slika 7

Raspored
Pockelsovih ¢elija
u kombiniranom
opti¢ckom mjernom

Opticki strujni senzor /
Optical current sensor_.—¥

transfor_matoru Opticki naponski senzori / Polimema
Figure 7 Optical voltage sensors izolacija /
Arrangement of Polymer
isolation

Pockel’s cells in
combined optical

transformer Kontrolna jedinica (u kontrilnoj zgradi) /

Control unit (in building)

A

Obiljezje naponskih opti¢kih mjernih pretvaraca
koje treba posebno istaknuti je linearnost (slika 8).

Slika 8
Ulazno izlazna

Zraka svjetlosti / Light beam

/‘/ Polarizator / Polarizer
s Filtar za ponistavanje retardacije /

Wave filter for compensating
retardation

) I W Analizator / Analyzer

Measured voltage is brought to cells by conductors
which are then connected to diffused metal
film on crystal edges. In practice three cells are
most frequently used to give a clear image of the
measured voltage. The arrangement of Pockel’s
cells in a voltage transformer is given in Figure 7.

The most significant feature of voltage optical
measuring transducers is linearity (Figure 8).

karakteristika % 2.0 ‘ ‘
naponskog % : ‘
opti¢kog mjernog £ 15f--J---1L-
pretvaraca 2 I I
Figure 8 3 : :
Input/output \5 L e S
characteristic of § I
voltage optical EO05[ - 7: _ :, -
measuring K ‘ ‘
transducer - o I I

Prednosti u odnosu na naponske mjerne trans-
formatore s feromagnetskom jezgrom su sljedece:

- velika linearnost,

- relativno male dimenzije i mala masa,

- velika osjetljivost na brze promjene,

- ne proizvode elektromagnetske smetnje,

300 400 500

Ulazni napon / Input voltage (V)

Advantages over voltage measuring transformers
with a ferro-magnetic core are:

- great linearity,

- relatively small dimensions and small mass,

- high sensitivity to rapid changes,

- does not produce electromagnetic disturbances,
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- smanjen rizik od nastanka pozara i eksplozija,
- pokazuju veliku to€¢nost mjerenja uz tempe-
raturne promjene [5], [6].

STRUJNI MJERNI
PRETVARACI

Mjerenje struje sloZeniji je problem od mijerenja
napona, zbog neprekidnog mijenjanja opterecenja te
velikog udjela harmonickih ¢lanova. Konvencionalni
strujni transformatori imali su viSe nedostataka.
Najvec¢i im je nedostatak zasi¢enje feromagnetske
jezgre istosmjernom komponentom struje tijekom
kratkog spoja. Osim toga, dimenzije, masa i cijena
strujnih transformatora povecavaju se s obzirom na
naponske razine na koje se prikljucuju.

Mjerenje struje padom napona na otporniku
(shuntu)
Najjednostavniji nacin mjerenja struje je mjerenje
pada napona koji stvara struja prolaskom kroz
otpornik koji ima zanemarivu reaktanciju, shunt
[7]1. Ograni¢enja takvog naina mjerenja su
toplinsko optereéenje /?R (Joulesovi gubici)
[10] i iznos pada napona, zbog malih dimenzija
otpora i neposredne veze s popratnim mjernim
komponentama koje se nalaze na istom naponu
kao i shunt. To shunt ¢ini neprikladnim za mje-
renja vrlo velikih struja. Lo%e obiljezje ovoga
mjernog pretvarata je parazitni induktivitet
(uobiGajene vrijednosti od nekoliko nH) koji moze
uzrokovati znatan fazni pomak koji, opet, moze
rezultirati velikim mjernim pogreSkama pri malim
faktorima snage (slika 9).

Mjerenje struje ograni¢eno je toplinskim optere-
¢enjem do oko 200 A, a iznad tog iznosa toplinski
se gubici u mjernom otporniku znatno povecavaju -
zbog ¢ega naglo raste i veli€ina otpornika. U praksi
se na taj na¢in mjeri struja u sustavima napona
do 30 kV. Prednosti mjerenja struje shuntom pred
mjernim transformatorima s feromagnetskom jez-
grom su:

- lower risk of fire and explosion,
- high accuracy even with temperature changes
[5] and [6].

CURRENT MEASURING
TRANSDUCERS

Measuring current is a more complex issue than
measuring voltage because of the constant load
changes and great amount of harmonic members.
Conventional current transformers have many
shortcomings. The most significant is saturation
of the ferromagnetic core of the direct current
component during a short circuit. As well as
that dimension, the mass and price of current
transformers are increased because of the voltage
levels which they are connected to.

Measuring current by measuring voltage drop
on a current shunt
The simplest way of measuring current is by measuring
voltage drop caused by current flowing through a
resistor with negligible resistance called a shunt [7].
Restrictions to this kind of measuring are temperature
overload /2R (Joule’s losses) [10], and the amount
of voltage drop because of the small dimensions of
the resistor and the close connection to measuring
components which are at the same voltage as the
shunt. This makes a shunt inappropriate for measuring
relatively high currents. A worse characteristic of this
measuring transducer is parasitical inductance (usual
values of a few nH) which can cause significant phase
shift and significant measuring errors while measuring
at small power factors (Figure 9).

> |

Measuring current is limited to 200 A by thermal
overload. Above that value thermal losses in the
measuring resistor increase significantly causing a
sudden increase in the size of the resistor as well.
This method of measuring current is used in voltage
systems up to 30 kV. Advantages of measuring
current with a shunt when compared to measuring
transformers with a ferromagnetic core are:
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Slika 9

Mjerenje struje
pomoc¢u pada
napona na otporniku
(shuntu)

Figure 9

Measuring current
by measuring voltage
drop on a current
shunt



Slika 10
Faradejev efekt
Figure 10
Faraday’'s effect

- velika linearnost u Sirokom podru¢ju frekvencija,

- jednostavnost izvedbe,

- male dimenzije i masa,

- niska cijena,

- nema efekta ferorezonancije i zasi¢enja jer
nema Zeljezne jezgre,

- nema ni utjecaja susjednih faza na mjerenje.

ToCnost mjerenja struje shuntom ovisi o:

- temperaturnom koeficijentu mjernog otpornika,

- parazitnom kapacitetu otpora pri vrlo visokim
frekvencijama,

- nacinu izvedbe mjernog otpornika (zi¢ani, od
posebnog materijala itd.).

Strujni opti¢ki mjerni pretvaraci
Strujni opti¢ki mjerni pretvarac¢i temelje svoj rad
na zakretu kuta polarizacije svjetlosti pri prolasku
polarizirane svjetlosti kroz magnetsko polje, oko-
mito na smjer Sirenja svjetlosti [4]. Magnetno-
opticki efekt naziva se Faradejev efekt (slika 10).

- great linearity in a wide frequency range,

- simplicity of production,

- small dimensions and small mass,

- low price,

- no effect of ferroresonance and saturation
because of the absence of a ferromagnetic core,

- no impact of the neighboring phases on measuring.

Accuracy of measuring current with a shunt
depends on:

- temperature coefficient of the resistor,

- parasitical capacitance at high frequencies,

- the way the measuring resistor is made (wire
resistor, use of special materials, etc.).

Current optical measuring transducers
Current optical measuring transducers are based
on the light polarization angle of the polarized
light beam passing through a magnetic field which
is perpendicular to the beam’s path [4]. This
magnetic-optical effect is called the Faraday effect
(Figure 10).

Opti¢ko vlakno (Faradejev element) /
Optical fiber (Faraday’s element)

Polarizator / Polarizer

Svitak protjecan strujom /
Current coil

Svjetlost se u kristal dovodi svjetlovodnim kabelom
kroz polarizator, a odvodi svjetlovodnim kabelom
kroz analizator u elektronicki uredaj za mjerenje
promjene intenziteta, $to je posljedica zakreta
polarizacijske osi nakon prolaska kroz analizator.
Ravnina titranja polarizirane svjetlosti zakrece se
zbog djelovanja magnetskog polja vodica, a zakret
polarizacijske ravnine pri prolazu kroz analizator
oCituje se promjenom intenziteta svjetlosti / koja
prolazi kroz opticki kabel prema elektroni¢kom
sklopu za mjerenje izlaznog intenziteta:

l

iz

=1,-cos’*($-a)

gdje je [, intenzitet svjetlosti nakon prolaska
kroz analizator, [, poCetni intenzitet svjetlosti
nakon prolaska kroz polarizator, & kut zakreta

Analizator / Analyzer

Light is introduced to the crystal by fiber optical
cable through a polarizer, and is led through an
analyzer by fiber optical cable to an electronic
device for measuring intensity change, as a
direct consequence to polarization axis twist. The
polarization axis of polarized light beam twists
because of the conductor’s magnetic field, and the
twist of the polarization axis while passing through
the analyzer manifests itself by changing the
intensity of light / passing through an optical cable
to a device for measuring output intensity:

(12)

where [, is the light intensity after passing
through the analyzer, I, the input light intensity

after passing through the polarizer, ¢ is the angle

Bicani¢, K., Kuzle, |., Tomisa, T.. Nekonvencionalni mjerni pretvaraci. Energija, god. 55 (2006), br. 3., str. 328-351
Bicani¢, K., Kuzle, |., Tomi$a, T.. Unconventional Measuring Transducers, Energija, vol. 55 (2006). No. 3, p.p. 328-351



polarizacijske ravnine zbog djelovanja polja, @ kut
zakreta polarizacijske ravnine analizatora prema
polarizacijskoj ravnini polarizatora koji je suprotan
od smijera zakreta polarizacijske ravnine koju
stvara polje. Izraz (12) naziva se i Malusov zakon.

Kut & moze se izraziti kao:

a=C-I-H

gdje je C Verdetova konstanta optickog materijala
kroz koji prolazi svjetlost, / efektivna duljina
svjetlosne zrake zahvacena homogenim poljem,
a H magnetsko polje koje stvara svitak protjecan
mjernom strujom.

S obzirom na to da polje u tako postavljenim
geometrijskim odnosima nije homogeno, kut ¢ se
dobije integracijom, uporabom izraza:

a=C- [H()dl

Alternativna konstrukcija jednog takvog sustava za
mjerenje struje, u blokovskom prikazu, predo¢ena
je naslici 11.

Izvor svjetlosti /
Light source

?

Polarizator / Polarizer

of polarization axis twisted due to impact of the
field, @ the polarization axis twist of the analyzer
compared to polarization axis of the polarizer whose
twist direction is opposite to the twist direction of
the polarized level made by the field. An expression
(12) is also called Malus’s law.

The angle ¢ can be expressed as:

(13)

where C is Verdet's optical material constant, / the
effective length of the light beam in a magnetic
homogenous field, H the magnetic field made by
current flow through the coil.

Because of no homogenous field in such geometrical

relations, the angle ris attained by integration
according to the equation:

(14)

An alternative construction of such a system for
measuring current is shown in block diagram in
Figure 11.

Zavoji optickog viakna /
Fiber optical coil

Vodi¢ / Conductor

Modulator /
Modulator
Foto detektor / .
Ogledalo / Mirror
Photo detector Kruzni polarizator /

Circular polarizer

U praksi se Cesto pronalaze pretvaraCi izradeni
kao kristalni prsten koji navodi zraku svjetlosti
da totalnom refleksijom na najmanjoj mogucoj
12). Takva konfiguracija omogucéuje smanjenje
utjecaja susjednih vodi¢a na najmanju mjeru,
neovisnost mjerenja o polozaju vodi¢a, smanjenje
geometrijskih odstupanja zbog termickih raste-
zanja i vibracija itd.

In practice, there are often found transducers made as
a crystal ring which leads the light beam to go around
the conductor whose current is being measured by
the shortest possible distance using total reflection
(Figure 12) . This kind of configuration enables the
impact of neighboring conductors to be reduced,
measuring independent of the position of conductor,
lowering geometrical deviation because of thermal
stretching, vibration, etc.
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Slika 11
Alternativna
konstrukcija
opti¢kog sustava
za mjerenje
struje

Figure 11
Alternative
construction of
optical system
for measuring
current



Slika 12
Usmijeravanje zrake
svjetlosti u kristalu

mjernog uredaja
Figure 12

Directing the light
beam into the crystal
of the measuring
device

Slika 13

Ulazno izlazna
karakteristika
strujnog optickog
mjernog pretvaraca
Figure 13
Input-output
characteristic

of current optical
measuring transducer

Analizator s fotodiodom /
Analyzer with photodiode

Polarizacijske ravnine polarizatora i analizatora

medusobno su zakrenute za 45°. Takva konfi-
guracija omogucuje mjerenje struje prema
zakonu:

;:%-[1+sin(20-f(f))]

Kao i kod naponskih opti¢kih mjernih pretvaraca,
najvaznije obiljezje strujnih opti¢kih mjernih
pretvaraca je linearnost (slika 13).

| <—

Kristal / Crystal

Vodi¢ / Conductor

'd

Izvor svjetlosti s polarizatorom /

Light source with polarizer

The polarizer's and analyzer's polarization levels
are twisted by 45°. Such a configuration enables
current measuring according to this law:

(15)

As in the case of voltage optical measuring
transducers the most important feature of current
optical measuring transducers is linearity (Figure 13).
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Prednosti strujnih opti¢kih mjernih pretvaraca
naspram konvencionalnih strujnih mjernih trans-
formatora jednake su onima kao i kod naponskih
opti¢kih mjernih pretvaraca.

Hall sonde

Razvoj poluvodickih elektroni¢kih komponenata
omogucio je izradu minijaturnih mjernih osjetnika
magnetskog polja koje stvara vodi¢ protjecan
elektricnom strujom, poznatih pod nazivom Hall
sonde (slika 14). Rad tih osjetnika temelji se
na Lorentzovu pravilu [10], [15]. Ako elektri¢na
struja / protjeCe kroz vodljivu ploCicu debljine d
koja se nalazi u magnetskom polju B, magnetsko
polje djeluje na nositelje naboja u ploCici prema
Lorentzovu pravilu.

Ulazna struja / Input current (kA)

Advantages of current optical measuring transducers
when compared to conventional current measuring
transformers are the same as in the case of voltage
optical measuring transducers.

Hall probes

The development of semiconductor electronic
components has made possible the production
of miniature magnetic field measuring sensors
known as Hall probes (Figure 14). The work of
these sensors is based on Lorentz’s law [10] i [15].
If an electric current | passes through a plate of
thickness d which is situated in magnetic field B,
the magnetic field acts on the electrons in the plate
according to Lorentz’s law.
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E.=—q-V;%B

Poluvodié / Semi conductor A ‘.

g

“——-‘9-

Prema tom pravilu, na naboj djeluje magnetska,
Lorentzova sila [10], okomita na smjer magnetskog
polja i smjer struje, koja uzrokuje nakupljanje
naboja na jednoj strani ploCice. Posljedica na-
kupljanja naboja je mjerljivi napon na rubovima
plogice, nazvan Hallov napon [9]:

I-B

Vi=—
"“n.q-d

gdje je I jakost elektri¢ne struje koja prolazi kroz
plo¢icu zbog dovodenja nositelja naboja, B jakost
magnetskog polja u kojemu se ploCica nalazi,
n gustoéa mobilnih nositelja naboja, g iznos
elementarnog naboja i d debljina plocice.

Hallov napon neposredno je proporcionalan
magnetskom polju B koje stvara mjerena struja,
pa su sonde pogodne i za mjerenje istosmjernih
struja. Tim se postupkom mogu mjeriti istosmjerne
struje do 100 kA, uz pogresku mjerenja od +1073.
Za mijerenje izmjeni¢nih struja potrebni su
dodatni elektroni¢ki sklopovi za pretvorbu signala
u digitalne oblike i daljnju obradu. Hall sonde
proizvode se od poluvodickih elemenata (iridij,
iridij-arsen itd.) i vrlo su malih dimenzija, reda
veli¢ine nekoliko kubnih milimetara. Zbog toga
su mjerni osjetnici s Hall sondama naj¢esée
izvedeni kao zaliveni termootporni plasti¢ni kvadri
koji u sebi imaju otvor kruznog presjeka kroz
koji se provlaci vodi¢. S obzirom na to da su to
poluvodicke komponente, ¢esto se u jednoj sondi
mogu, osim Hall osjetnika, integrirati i analogno
digitalni pretvaraci, temperaturni kompenzatori,
kompenzatori histereze i sklopovlje za linearizaciju
Cija je namjena postizanje $to je moguce vjernije
slike mjerene struje.

According to this law magnetic, Lorentz force [10]
has influence on electrons in a way that causes
electron accumulation on one side of the plate. A
direct consequence of this electron accumulation
is a measurable voltage at the edges of the plate
called Hall’s voltage [9]:

(17)

where [ is the current passing through the plate
to bring electrons, B the intensity of the magnetic
field in which the plate is situated, n the density of
non stationary charges, g the amount of elementary
charge and d the thickness of the plate.

Hall's voltage is directly proportional to magnetic
field B caused by the measured current which makes
these probes also appropriate for measuring direct
currents. With this procedure direct currents up to
100 kA can be measured with errors of = 103, For
measuring alternating currents additional electronic
circuits are necessary to transform the signal to
digital forms and further processing. Hall probes
are made of semiconductors (lridium, Iridium-
Arsenic, etc.) and have very small dimensions (size
of a few cubic millimeters). That is why measuring
devices with Hall probes are most frequently made
as compact thermo-resistant plastic parallepipeds
having a circular hole in the middle for the
conductor to pass through. Considering that these
are semiconductors, there often can be found in
one probe, besides the Hall sensor, analog - digital
transducers, temperature compensators, hysteresis
compensators and linearization circuits whose aim
is to form as clear a picture as possible of measured
current.
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Slika 14

Nacelo rada Hall
sonde

Figure 14

The principle of
the Hall probe



Slika 15
Rogowski svitak
Figure 15
Rogowski coil

Prednosti mjernih pretvaraca s Hall sondama su:

- jednostavnost izvedbe,

- vrlo male dimenzije i masa,

- niska cijena,

- jednostavna ugradnja,

- nema utjecaja susjednih faza na mjerenje.

di/ dt pretvaraci

To su zraCni svici torusnog oblika. Sluze za
pretvorbu mjerene struje u naponski signal,
pogodan za daljnju obradu. Vrsta svitaka koji se
upotrebljavaju bez feromagnetske jezgre nazivaju
se svici Rogowskog (slika 15) [2]. Ta vrsta
svitaka konstrukcijski je najjednostavnija, jeftina
i prikladna za mjerenje Sirokog raspona struja
razli¢itih frekvencija, a tradicionalno se rabi za
mjerenje vrlo velikih struja. Kakvoca svitka kao
pretvaraca ovisi o stalnosti gustoce zavoja N po
jedinici duljine tijela te stalnoj i poznatoj povrSini
S zavoja koji moraju biti okomiti na sredi$nju
crtu svitka (bolja se to¢nost postize namatanjem
na kruta tijela jer savijanjem svitka nastaju
odstupanja zavoja od idealnog polozaja).

Primjena digitalnih rjeSenja omogucuje primjenu
ove vrste strujnih pretvarata u brojilima - za
uporabu u kucanstvima i industriji.

Mjerenje struje d/ / dt pretvaraem ostvaruje se
mjerenjem napona induciranog u torusu svitka
nastalog zbog mjene magnetskog toka u svitku koji
stvara mjerena struja /, prema Lentzovu pravilu.
Ako se pretpostavi da je svitak namotan na torusnu
jezgru pravokutnog presjeka s N namota, kako je
to predoceno na slici 16, onda ¢e promjena struje
u primarnom vodicu Cija se struja mjeri uzrokovati
promjenu magnetskog toka u torusu unutar svitka
[10]. Promjena magnetskog toka unutar zavoja

Advantages of transducers with Hall probes:

- simplicity of construction,

- very small dimensions and small mass,

- low price,

- simple installation,

- no impact of neighboring phases on measuring.

di/ dt transducers

They are torus-shaped coils with an air core. They
are made for transforming measured current to a
voltage signal appropriate for further processing.
This kind of coil used without a ferromagnetic
core is called a Rogowski coil (Figure 15) [2]. This
type of coil is of the simplest construction, cheap,
appropriate for measuring a wide range of currents
of different frequencies, and is usually used for
measuring very high currents. The quality of the coil
as a transducer depends on the constant density of
N turns per unit length, constant and known surface
S of the coil which should be perpendicular to the
middle line of coil (better accuracy is achieved
by winding on firm objects, because twisting the
wound coil causes deviation from the ideal coil
position).

The appliance of digital solutions enables the
application of this kind of current transducer in
electricity meters for house usage and in industry.

Measuring current with a d// dt transducer is done
by measuring voltage induced in the coil’s torus
winding induced by changes of the magnetic flux
made by measured current / according to Lorentz’s
law inside the coil. When a coil with N windings is
wound onto a torus core of rectangular intersection
area as seen in Figure 16, then a change in the
current in the primary conductor will cause changes
of magnetic flux inside the torus coil [10]. Changes
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svitka uzrokovat ce
izrazu:

indukciju napona prema

_ .99t
e=-N dt

gdje je e ukupni inducirani napon u cijelom svitku,
N broj namota svitka, d ¢(t) promjena toka unutar
jednog namota te dt promjena vremena.

Promjena toka koja uzrokuje indukciju napona u
svitku posljedica je promjene struje kroz primarni
vodi¢. Zbog nejednolike preraspodjele toka na
razli¢itim udaljenostima od vodi¢a, potrebno je
promatrati tok kroz infinitezimalni dio povrSine
presjeka torusnog svitka dS na udaljenosti r od
vodica.

Na udaljenosti r od vodi¢a magnetski tok d¢

iznosi:

dg=B(r)-dS

dS=a.dr

d¢=B(r)-a-dr=u-H(r)-a-dr

Vidljivo je da je tok kroz povrSinu dS neposredno
proporcionalan jakosti magnetskog polja H(r) na
udaljenosti r od vodica (slika 16). Zato je potrebno
poznavati raspodjelu polja - kako bi se mogao
izracunati inducirani napon u svitku.

of magnetic flux inside the coil will induce voltage
according to:

(18)

where e is total induced voltage in the whole coil,
N the number of the coil’s windings, d ¢ (t) the
change of magnetic flux inside one coil and dt the
time interval.

The change of flux which causes induced voltage
inside the coil is the consequence of the current
change through the primary conductor. Because
of the unequal disposal of the flux at different
distances from the coil, it is necessary to watch the
flux through an infinitesimal part of the torus area
dS at distance r from the coil.

At distance r from the conductor magnetic flux dgis:

(19)

1)

It is clear that flux through the surface dS is
proportional to the intensity of the electromagnetic
field H(r) at distance r from the conductor (Figure
16). It is required to know the distribution of the field
for measuring the induced voltage inside the coil.
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Slika 16
Odredivanje
magnetskog tijeka u
torusnom svitku
Figure 16
Determining of the
magnetic flux inside
the torus coil



Uz pretpostavku da je jakost polja na istoj
udaljenosti r od vodi¢a uvijek jednaka, prema
zakonu protjecanja vrijedi [10]:

Y1 =4H(r)-dl

Kroz jedan zavoj svitka protje€e vremenski
promjenjiva struja /, tj. sumarna struja koja se
dobije integracijom po opsegu kruznice /:

I=H(r)- [dI=H(r)-2-r-m

2.r-m

iz ¢ega slijedi raspodjela jakosti magnetskog polja
u ovisnosti o udaljenosti r od vodica:

I
H(r)=—
(") 2.-r-m

Ako se u izraz (21) uvrsti izraz (24) slijedi da je
magnetski tijek na udaljenosti r od vodica:

u-a-l
2-r-m

d¢ = -dr

Ukupni tijek kroz torus dobije se integracijom i
iznosi:

pu-a-l
—[Zrn

Struja koja te¢e primarnim vodi¢em vremenski
je promjenjiva te ¢e i tijek kroz torusni svitak biti
takoder vremenski promjenjiv. Ako se izraz (26)
uvrsti u Lentzovo pravilo (18), dobije se izraz za
inducirani napon:

N-u-a r, | di(t)
e(t)y=——"—:In| 2 [ —=
® 2.m [n) dt

Za torusni svitak kruznog presjeka s unutarnjim
radiusom r; i vanjskim radiusom r, inducirani
napon dobije se numerickom integracijom izraza:

With the assumption that the field is always equal
at distance r from the conductor it can be applied
that [101:

(22)

Through a single coil of the coil arrangement flows
a changeable current /, (sum of currents) which can
be calculated by integration on the circumference
of the circle I:

(23)

from which follows the distribution of the strength
of the electromagnetic field according to the length
r from the conductor according to the equation:

(24)

If equation (21) is connected to equation (24) then
the magnetic flux at distance r from the conductor is:

(25)

Total flux through the torus can be calculated by the
next integration:

(26)

Current flow through the primary conductor changes
with time and that causes changes in flux inside the
torus coil. If equation (26) is used in Lorentz’s law
(18) then the induced voltage is:

27)

For a torus coil of circular cross section with inner
radius r, and outer radius r,, induced voltage can be
calculated by numeric integration using the equation:
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(2]
o290 2

Ako se opisanom konstrukcijom di/ dt pretvaraca
Zele mjeriti kontinuirane sinusoidalne struje, tada
nije potrebna dodatna integracija signala jer se
derivacijom struje /(t) ponovno dobije sinusoidalna
veli¢ina s faznim pomakom 90°, $to omogucuje
mijerenje efektivne vrijednosti induciranog napona
svitka. Pri tome je pretpostavlijeno da mjerena
struja ima oblik:

I(t)=1,-sin(w-t)

UvrStenjem izraza (29) u izraz (27), nakon
deriviranja, dobiva se jednadzba za inducirani
napon u torusu pravokutnog presjeka:

4

)2 q
28
2 ) (8)

If the described construction of a d// df transducer
is made for measuring continued sinusoidal
current, then additional integration of the signal is
not needed because derivation of sinusoidal current
I(t) obtains sinusoidal signal shifted by 90°, and
this is what enables the measuring of effective
voltage values induced in the coil. However, it is
supposed that measured current can be expressed
by this equation:

(29)

By connecting equation (29) to equation (27), and
after derivation, an equation for the induced voltage
in a torus of rectangular cross-section is:

e(f)=-f-N-y-a-ln[r—2]-fo-cos(z-n-f-t) (30)

Ako se odredi efektivna vrijednost, postaje o€ito da
ée mjerni uredaj za mjerenje napona zapravo mjeriti
efektivnu vrijednost napona koja je neposredno
proporcionalna efektivnoj vrijednosti struje:

Ueﬁzf-N-y-a-In[r—zJ-fsﬁ

i

Moze se zaklju€iti da mjerena vrijednost
induciranog napona, kao slike mjerene struje,
odnosno prijenosni omjer di / dt pretvarata
neposredno ovisi o geometriji sonde, vrsti
materijala jezgre t£« i frekvenciji f. Medutim, ako
se kao izlaz Zeli dobiti to¢na slika mjerene velicine,
tada se izlaz sonde mora integrirati jer je dobiveni
inducirani napon derivacija mjerene struje,
odnosno magnetskog tijeka koji ulancuje svitak.
Za integraciju napona cCesto se upotrebljavaju
aktivni integratori s operacijskim pojac¢alom [11].

If effective value is determined it becomes obvious
that a voltage measuring device actually measures
the effective value of voltage that is proportional to
the effective value of the current:

31)

It can be concluded that the measured value of the
induced voltage, or ratio of the d/ / dt transducer
depends on the geometry of the probe, core
material grand frequency f. But if a clear picture
of the measured value is required then the probe
output must be integrated because the induced
voltage obtained is the derivation of the measured
current (total magnetic flux to be exact) which is
embraced by the coil. For voltage integration active
integrators are frequently used with operational
amplifier [11].
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Slika 17

. R,
Osnovni sklop
za integraciju 1}
Figure 17
Basic circuit for c
integration |l
I
R1
———o
Uul zc Uiz

1
U(t) = ——— [U,(t)-dt (32)
() R1_Cj (1)

N-u-a r.
U=—L — _Inl21|.1. (33)
T N O

1
fi=——-+— 34
4724 R,-C e

Prednosti di / dt mjernih pretvarata pred strujnim mijer-
nim transformatorima s feromagnetskom jezgrom su:

- jednostavnost izvedbe,

- jako male dimenzije i masa,

- niska cijena,

- jednostavna ugradnja,

- zratna jezgra ima linearan fazni odziv,

- mogucénost mjerenja vrlo visokih struja (od 10
A do reda MA),

- niska potro$nja samog uredaja,

- niski temperaturni pomak.

U tablici 1 prikazani su rezultati mjerenja napona
induciranog u pretvaracu namotanom na feritnoj jezgri,
pa je nacrtan odgovarajuéi graf na kojemu je vidljiva
linearnost u podrucju u kojemu feritni materijal na koji
je namotan svitak ima linearnu karakteristiku. Mjerene
su vrlo male struje (mA) iz Cega se moze zakljuciti
da su pretvaraci primjenjivi i za takva mjerenja te su
upotrebljivi i u mjernim tehnikama opée namjene.

Advantages of dj/ dt transducers compared to current
measuring transformers with a ferromagnetic core are:

- simplicity of construction,

- very small dimensions and small mass,

- low price,

- simple installation,

- air core has linear phase response,

- possibility of very high current measurements
(from 10 A to the order of MA),

- low power consumption of the device itself,

- small temperature shift.

The Table 1 shows the results of measuring induced
in a transducer wound onto a ferrite core and it also
shows linearity in the area where ferrite material
has linear characteristics. Only small currents have
been measured (mA) which leads to conclusion
that transducers are applicable for this kind of
measuring, and also usable in general purpose
measuring techniques.

Tablica 1 - Rezultati mjerenja napona induciranog u d// df pretvarau namotanom na feritnoj jezgri
Table 1 - Results of voltage measuring induced in d/ / dt transducer winded onto a ferrite core

Feritna jezgra (pravokutni presjek) / Ferrit core (rectangular cross section)

Broj mjerenja

Number of measuring ! z 3 4 5 6 7 8 9 10 11
I (mA) 40,00 42,00 44,00 46,00 48,00 50,00 52,00 54,00 56,00 56,00 56,00
U(mv) 3,10 3530 340 3,60 3,80 4,00 420 430 440 440 440

/0 12,90 12,73 12,94 12,78 12,63 12,50 12,38 12,66 12,73 12,73 12,73
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70,00
60,00
50,00

40,00

U (mV) /1 (mA)

30,00

20,00

1000 -~

0,00

U tablici 2 predocene su osobine mjerne sonde
(pretvaraca) koja je upotrijebljena za to mjerenje.
Prijenosni omjer upotrijebljenog pretvaraca:
j=12,7.

7 8 9 10 11
Broj mjerenja / Number of measuring

Table 2 shows features of the measuring probe (of
transducer) which was used for test measuring.
Transmission ratio: [/U=12,7.

Tablica 2 - Osobine mjerne sonde / Table 2 - Characteristics of the transducer measuring probe

Osobina / Feature

Unutarnji promjer / Inner diameter
Vanjski promjer / Outer diameter
Unutarnji polumjer / Inner radius

Vanjski polumjer / Outer radius

Sirina / Width
Unutarnji opseg / Inner perimeter
Promjer Zice / Wire diameter

Broj namotaja / Number of windings

Odstupanja na kraju mjerenja javljaju se zbog
nelinearnosti  krajnjeg dijela skale analognih
mjernih instrumenata, a vrijednosti variraju i
zbog sustavnih pogreSaka. Odabrana feritna jezgra
pokazuje pocetak zasi¢enja kod struja vecih od
250 mA. Proucavanje osobina pretvaraca pokazuje
da se upotrebom svitaka bez feromagnetske jezgre
dobivaju najvjernije slike mjerene struje zbog
njihove linearne karakteristike u ¢itavom mjernom
podrucju, bez obzira na mjernu veli¢inu.

Usporedba strujnih mjernih pretvaraca
U tablici 3 prikazana je usporedba glavnih osobina
mjernih pretvaraca za mjerenje struje [7].

Osobina / Feature

Deviations which appear at the end of measuring
are a consequence of the non-linearity in the final
part of the scale of analog measuring devices,
these values also vary because of systematic
errors. The chosen ferrite core begins to saturate
at currents greater than 250 mA. Studying the
features of the transducers shows that the use of
coils without a ferromagnetic core gives the most
accurate measuring signals because of their linear
characteristic in the whole measured area no matter
the size of the measured value.

Comparison of current measuring transducers
Table 3 shows a comparison of transducers for
measuring current [7].
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Slika 18
Linearnost di/dt
pretvaraca
Figure 18
Linearity of di/dt
transducer

Iznos / Value Mjerna jedinica / Unit

d; Jii5) mm
d> 25 mm
r 7,5 mm
r2 12,5 mm
a 8 mm
0, 47,12 mm

0,6 mm
N 69



U tablici 3 mogu se uociti znatne prednosti prim-
jene optickih pretvarata za mijerenje struje u

elektroenergetskim postrojenjima.

Karakteristika / Feature

Cijena / Price

Linearnost / Linearity

Moguénost mjerenja
velikih struja / High
current measurement

Potrosnja / Consumption

Temperaturna ovisnost /
Temperature stability

Dimenzije / Dimensions

Problem zasiéenja i
histereze / Saturation and
hysteresis

Izobli¢enja i histereza /
Distorsions

From Table 3 can be seen significant advantages of
appliance optical transducers for current measuring
in electrical power transmission systems.

Tablica 3 - Usporedba glavnih osobina mjernih pretvaraca za mjerenje struje
Table 3 - Comparation of the current measuring transducers main features

Niskoomski shunt /
Current shunt

Strujni mjerni
transformator sa zeljeznom
jezgrom / Current transformer

niska / low srednja / middle

odli¢na / excelent lo8a do srednja / quite low

jako slaba /
very veak

dobra / good

niska do velika /
low to high

srednja / middle

srednja / middle niska / low
male do srednje / velike / large
small to middle
da/yes da/ yes
ne/ no ne / no

Primjer uporabe kombiniranih optickih mjernih pret-
varaca predocen je na slici 19.

Slika 19
Kombinirani
opti¢ki mjerni
pretvaraci u
visokonaponskom
postrojenju
Figure 19
Combined optical
measuring
transducers in
high voltage power
plant

Daljinsko upravljanje i komunikacija /
Remote control and communication

Visokonaponske

Sustav za nadzor i SZ'Ibirnice /
prikupljanje podataka / High voltage
Supervisory control and buss bars

Hall sonda / Opticki mjerni . .
Hall sonde pretvarad / didt predtvaram /
Optical transducer TR
srednja / middle srednja / middle niska / low
loSa / low vrlo dobra / vrlo dobra /
very good very good
dobra / good vrlo dobra / vrlo dobra /
very good very good
niska / low niska / low niska / low
niska do srednja / srednja / middle jako niska /
low to middle very low
jako male do srednje / jako male do velike / jako male

do srednje / very

very small to middle
small to middle

very small to large

da/yes da/yes da/yes

ne/no ne/no ne / no

Example of usage of combined optical measuring
transducers is given in Figure 19

data aquisition
Senzor struje
(senzor H polja) /
Current sensor
(Sensor for H field)

Senzor napona

Kontrolna zgrada /
Control building

(Sensor for E
field)

Phase R

(senzor E polja) /
Voltage sensor— —

Faza/
Phase T

Faza/
Phase S

Faza/

Opticki pretvaraci

Optical transducers

[ AT
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ZAKLJUCAK

Godinama se primarna i sekundarna oprema za elektro-
energetska postrojenja razvijala i promatrala odvoje-
no. Elektricka veza izmedu te opreme uglavnom se
ostvaruje galvanski (bakrenim vodi¢ima). U teznji da
se smanje troSkovi i poveéa pouzdanost, nastoji se
ta dva sustava spojiti, a za to su vrlo pogodni nekon-
vencionalni mjerni pretvaraci. Oni omogucéuju po-
vezivanje primarne opreme sa sekundarnom opremom
uporabom svjetlovoda koji imaju znatne prednosti pred
vodi¢ima (male dimenzije i masa, izvrsna dielektricka
svojstva, veliki kapacitet prijenosa informacija, ne-
osjetljivost na elektromagnetske smetnje itd.).

0d nekonvencionalnih pretvarata u elektroenerget-
skim postrojenjima u svijetu trenutatno se najvise
upotrebljavaju opti¢ki mjerni pretvaraCi. U hrvatskom
elektroenergetskom sustavu opti¢ki mjerni pretvaraci
nisu jo$ nigdje ugradeni. No, s obzirom na sve
prednosti koje imaju, za pretpostaviti je da e se uskoro
zapoCeti i s njihovom primjenom u elektroenergetskim
postrojenjima naSega EES-a.
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