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o=V % H dl 18.6.5 Magneto-Optical Current Transducers T\\.}.. Q ree Siea.._ <) 34 A
(18.6.5) The magneto-optical method of measuring current depends for its operation
By Ampere’s law . on the Faraday effect in optical materials. This phenomenon, first R.vonma
- by Faraday in 1845, manifests itself by a rotation of the plane of polarization
of linearly polarized light under the influence of a magnetic field parallel to

% H dl = the current enclosed (i) (18.6.6) the direction of light propagation. The rotation is proportional to the
integral of the H field along the integration path, i.e.,
therefore ,
, : 6=V .ﬁ Hdl (18.6.4)
Q - «\~ Awmaﬂv Current Carrylng

\u Conductor

that is, the rotation is a function only of the current enclosed by the light

path and is unaffected by nearby current-carrying conductors. If the current oplal patn R .

is looped through the optical path N times, 8 = VNi. Whnin Sensor A
The complete MOCT system (Fig. 18.26) consists of the optical compo- "ﬂ w oo R

nents, light source and detector, and an electrical interface which provides

an output voltage proportional to the total current through the window of v

the MOCT. The optical components are the two optical fibers, two collimat- Anatyzer : o

ing lenses, a polarizer and analyzer, and the magneto-optical material. The

light source is a LED and the detector is a PIN silicon diode. The electrical VAD

interface consists of amplifiers as shown. prr—
The polarizer and the analyzer are oriented so that their polarizing axes Low Noise Filtr (F,) Outaust

are at an effective angle of 45° to one another. This is accomplished by

rotating one with respect to the other or by the use of a half-wave plate

oriented at an angle of 22.5° to the plane of the polarizer. Under these

conditions the output intensity S at the analyzer for a rotation 6 of the plane

of polarization in the magneto-optical material is given by

§ = S,(1 + sin 26) = S,(1 +20) = Sy(1 +2V1) (18.6.8)

Coltimating

Lens - Blas

Optical Fiber Link

Fig. 18.26. Schematic of transducer head showing connections via multimode fibers
to light source and detector components of electronic interface (Courtesy of
Westinghouse Corp).

where S, is proportional to the light source intensity and dependent on the
attenuation in the light guide’s polarizer magneto-optical material, etc. The

approximation sin 26 = 20 is valid within 0.2% for values of 26 less than 640  EQUIPMENT FOR MEASURING TRANSIENTS
0.1 rad and the replacement of 28 by 2VI is exact for a properly constructed
MOCT. where [ is the path length and V is a material constant known as the Verdet

The optical fibers and collimating lenses are chosen so as to minimize
optical losses in the system. This is accomplished by using as large a
diameter optical fiber as can be effectively coupled to the LED (typically
300 wm), large diameter d (limiting aperture) of the combination of the
collimator lens polarizer and analyzer, and magneto-optical material (typical
2.5 cm for a MOCT with a total path length of 50 cm), and by using as long a
focal length collimating lens as permitted by the numerical aperture (NA) of
the fiber, i.e. focal length = d(2ZNA).

constant. The Faraday effect is most pronounced in materials known as
Faraday rotators, which include quartz and other types of glass. The Verdet
constant @mﬁo:& on the wavelength of the incident light; values in the range
on X 107> <V <2.0 x 10~° rad/amp-turn for a wavelength of 810 nm are
Q?nm.: for different glasses. V is positive if the direction of rotation of
@o_m_”_Nwzon is the same as the direction of current flow in a solenoid around
the __.mE path which produces the magnetic field. The absolute direction of
rotation is the same regardless of the direction of light propagation
Therefore, the total rotation can be increased by reflecting the light cmnw.
and forth through the field.

A .%aommn embodiment of magneto-optical current transducer, due to
Westinghouse, is described in reference [9] and illustrated in Fig. ,Hm.wm. It

will be seen that the optical path surrounds the conductor, so that Eq. 18.6.4
becomes : o
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MAGNETO-OPTIC CURRENT TRANSDUCER
OPTICAL METERING INSTALLATION AT GIBSON STATION
SWITCHYARD

T

BRIAN G. GARRIOTT
Substation Engineer
PSI Energy, Inc:
Plainfield, Indiana

ABSTRACT

This paper pertains (o the application and
installation of optical current sensors used for
metering. The purpose of this paper is to discuss the
theory of the magneto-optic current transducers and
the details of the application of MOCT's in a revenue
metering system at Gibson Station.

INTRODUCTION

The basis for the MOCT (magneto-optic current
transducer) is the interaction between the magnetic
field of the primary conductor and the optical
activity of glass material. The relationship between
the magnetic field and the amount of light
transmitted through the optical transducer is directly
proportional to the amount of current flowing in the
primary conductor. This magneto-optic activity is
known as the Faraday effect.

The failure of the metering current transformers on
the 34509 line at Gibson Station Switchyard
provided an ideal opportunity to apply the new
MOCT technology. One advantage of the MOCT's
is the elimination of catastrophic failures like that
observed in oil filled torrial wound current
transformers.

Optical systems have mariy advantages over
conventional systems; however, it has a low energy
output that will drive electronic meters, but will not
generate the 5 amperes required by electro-
mechanical devices.

Optical technology applications began in 1986 with
a combined effort between TVA and ABB. The
following list gives an indication of the growing

308

interest in MOCT technology, for both metering and

relaym g.
1986 161KV TVA METERING
1989 138KV HL&P METERING
1989 161KV TVA METERING
1990 345KV CON EDISON METERING
1990 161KV TVA DISTANCE RELAY
1992 69KV PG&E METERING
1992 138KV HL&P DISTANCE RELAY
1992 23KV DUKE POWER METERING & RELAY
1992 26KV PSE&G RELAYING
1992 230KV PSE&G METERING
1992 S00kV TVA RELAYING
1992 345kV PSI ENERGY METERING
Table 1
PRINCIPLE OF OPERATION

The Faraday effect is the basis for the operation of
the MOCT. The diagram in Figure 1 on page 2
shows how the rotator material, the current carrying
conductor, the magnetic field, the polarizer, the
analyzer, and light, interact in a magneto-optic effect
which enables light to be used t0 measure current
flow in a high voltage conductor.

As Figure 1 also illustrates, the current flow in the
conductor sets up a magnetic field. When the rotator
material, which is optical glass, is subjected to a
magnetic field, it will become optically active or
conduct light. As the light rays are polarized into a
light beam, which means that all the light rays are
aligned in the same plane, the polarized light rays
are then conducted through the optical rotator
material. The phase orientation of the light beam is
rotated as it transverses through the rotator material
and the amount of rotation is directly proportional to
the current passing through the conductor. This is
the Faraday effect which is stated by the following
simplified equation:

0=VI © = rotational shift in radians
V = Verdet Constant
I = current
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- ]
The analyzer which is a second polarizer, measures
the amount of shift in the polarized light beam and
translates the amount of shift into a corresponding

- amount of light intensity. The:more current in the

conductor, the stronger the magnetic field, the
greater the angular shift in the polarized light.
produces a more intense or brighter level of light
passing through the analyzer' to the optical
electronics. The characteristic of two polarizers
control the light intensity.

If the plane of polarization of two polarizers are
rotated 90 degrees from each other, the light beam is
blocked from passing through the second polarizer.
Conversely, if the polarizers are shifted by zero
degrees, then 100% of the polarized beam is
transmitted through the second polarizer. So, half of
the light beam’s intensity or half of the amount of
light will be transmitted through the analyzer when
the two polarizers are rotated 45 degrees from each
other.

The 45 degree rotation between the first polarizer
and the second polarizer is the full scale reference
point for maximum light intensity. As the light rays
enter the polarizer at a zero degree reference, the
Faraday effect will introduce an angular shift in the
polarized beam. The greater the shift towards the 45
degree point of the analyzer, the greater the amount
of light or intensity of light that will be transmitted
through the analyzer to the optical electronics.
Therefore, if the Faraday effect caused a 45 degree
shift in the light beam, it would be the same as the
zero degree shift between the two polarizers which
would allow the full amount of light to pass through
the second polarizer.

Ly 100% light
output

13t polarizing iter 2nd polartzing fiter

output

_ —

18t polarizing filker 2nd potarizing fiter

Light 50% light
output

18t polarizing fiter 2nd polarizing fiter

The following example illustrates the amount of
rotational shift for a 50 kA faulit.

©=VI 0 =(0.31 x 10-5)x50 kA
= 155 x 10-3 radians
= 8.8 degrees of rotational shift

Verdet Constants for Several Optical Glasses
(Wavelength = 810 nm)

ians/amp tum:
2.08 x 10-5
1.86 x 10-5
1.61 x 10-5
1.39 x 10-5
SF-5 0.91 x 10-5
SF-2 0.84 x 10-5
F-2 0.77 x 10-5
BK-7 0.27 x 10-5
QUARTZ 0.31x 10-5

Current Carrying
et

#araday
Roeator
Materisl

. 11.““ ]

7 *olarizer

unpolarized Polarized
Light Reye Light Beams
Figure 1
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MOCT SYSTEM OPERATION

Figure 2 below shows the functional block diagram
for the MOCT system. The LED provides the light
source which is transmitted through the optical fiber
link to the polarizer. After the light is polarized, it
follows the optical path through the Faraday Rotator
Sensor. As the light travels around the primary
conductor through the Faraday Sensor, the plane of
the polarized light is rotated by the magnetic field of
the primary conductor. The light then exits through
the analyzer which converts the amount of rotational
shift into a proportional amount of light intensity.
This intensity modulated light is conducted through
a second optical fiber to a PIN diode. The PIN diode
demodulates the light and after being amplified and
filtered is a scaled voltage that represents the amount
of current flow in the primary conductor.

Figure 2

ADVANTAGES AND DISADVANTAGES OF
MOCT METERING SYSTEM

The MOCT metering system offers many advantages
over conventional current transformers, but
introduces a few disadvantages because of the
mixing of a new technology with an existing
technology. Some advantages include:

Provides optical isolation for safety.
+ no danger of open current circuit
+ inherently explosion proof
+ totally isolated from the primary conductor
+ 1o oil in the polymer columns

» Accuracy over a wide range of power system
conditions.
# N0 saturation under fault current
& frequency range from 1HZ to 10KHZ
& 0.2% accuracy from 20-4000 A
4 Mo ratio change required

4IRS Y P LANRCNILUI £ UWET LU CICHILE

»  Light weight columns enable easier installation.
+ sensor head and column weigh about 350
Ibs.
+ conventional CT's weigh about 9,600 Ibs.
+ heavy duty crane equipment not required

« Cost savings of system at 345 KV,
+ MOCT metering package cost $70,000
+ Conventional oil filled CT's $96,000

The MOCT technology introduces a need for change
because of the merging of technologies.

» Optical system requires low power auxiliary

' equipment.
+ unable to drive 5 amp secondary current
circuits

+  requires low power equipment
+  requires optical test equipment

GIBSON METERING APPLICATION

Recent problems with current transformers at Gibson
Station provided PSIE an opportunity to apply a new
technology to address the problem of catastrophic
current transformer failures. The explosive failures
of the 34509 metering current transformers
presented a dangerous situation for personnel in the
switchyard. One of the attractive features of the
MOCT system is the safety provided by the optical
isolation. Optical isolation, replacement cost, and
accuracy made the MOCT a very good application at
Gibson Station switchyard.

GIBSON METERING SYSTEM
COMPONENTS

SYSTEM COMPONENTS
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Optical Sensor '

The sensor is located on the top of the high voltage
insulator and weighs about two pounds. The sensor
assembly contains the optical sensor of the MOCT.
NEMA connectors link the sensor assembly to the
primary conductor.

High Voltage Insulator ,
The light weight polymer column contains optical
fiber that connects the optical sensor to the patch
panel on the base of the structure.

Optical Fiber in Conduit

Each phase is routed to the patch panel and
connected to the fiber optic cable which connects the
optical electronics to the optical sensor. The sensor
is located on top of the high voltage insulator.

Optical Electronics

There are two optical fibers per phase: one transmits
the light to the sensor and the second is the return
path to the phase card located in the optical
electronics. The phase card converts the optical
signal into an analog voltage signal that drives an
electronic meter. Also, each phase card monitors the
attenuation of the optical path for that phase. If the
attenuation is out of limits, the red status LED will
indicate an alarmed condition.

Electronic Meter

The electronic meter is the EIR bi-directional meter
with the 2610 demand register. The meter counts
the megawatt hour and megavar hour pulses to
provide KYZ output pulses for billing purposes.
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A Primer on Optical Current and Voltage
Sensors and an Update on Activity

Dennis C. Erickson
Senior Electronics Engineer
Division of Laboratories

Abstract - As optical communications found its way
into the norm due to unique abilities, optical sensors
will eventually be the preferred technology used to
measure powerline parameters. The basic designs of
several types of active and passive voltage and cur-
rent sensors are discussed as well as the means used
to apply them to the power system. An overview of
commerciallyavailable systemsis provided aswell as
a discussion as to some of the reasons they are notin
place as yet.

Introduction

Of the “for sure” things that we must depend
on happening whether or not we are ready for
or evenwant; are death and taxes. Add to the
list, "new technology will replace old technol-
ogy". New technology, its scope here being
the integration of optics and computers in
advanced power system circuit designs, pre-
sents a way to provide for critical changes in
operation techniques. These changes will pro-
vide for system optimization and modifica-
tions to be made rapidly and with the highest
confidence. Gone are the days where elec-
tronics will be specified for lifetimes in excess
of 20 years because modular techniques will
allow for instant computer certified solutions
and system changes based on past informa-
tion and our ability to interpret and under-
stand that information.

To understand the power system (or for that
matter, any process), you must take data and
turnitinto information. This is where sensors

Prepared for the 1992 Engineering Symposium
Bonneville Power Administration

March 31 to April 1, 1992

Portland Oregon

come in. Sensors connect to the power circuit
to acquire data, or more accurately, provide a
representation of that parameter for remote
analysis. The better the data, the better the
ability to make wise operational decisionsand
about what can be improved. Ideally, these
measurements must not disturb the circuit
and the circuit must not disturb the data. Past
sensors (e.g., transformers, transducers) were
expensive and post-event analysis tools were
not actually on-line and a matter of course.
Because of the capitol expense involved, re-
quired changes could be made, but desired
changes, those with marginal, but evolution-
ary improvements, often waited until equip-
ment obsolescence came around. Optical sen-
sors and electronic computers will be modu-
lar and important designs will allow for modi-
fications almost at will.

To properly operate a power system circuit,
there are at least two essential tasks required;
the measurement of power for revenue meter-
ing and measurement for protection of that
circuit. Bothrequire knowing the voltage and
the current on the circuit as well as the time
frame involved. Current and voltage mea-
surements are data, and when converted into
a form that the measurement electronics can
understand (this would include applying scal-
ing, calibration and other factors), it is infor-
mation. And when converted into power
relative to time (i.e., watts, vars), it is knowl-
edge. Wisdomisthefinal step and determines
if the method used is the best in terms of
engineering and economics. For example we
can always increase the resolution of the data
butwould theincreased investment providea



economic benefit in return? Questions as this,
determine the value of modularity.

In the past, the implementation of computers
and other electronic systems into the process
have allowed us the ability to balance specifi-
cations with economics only to a point, as the
sensors used were not actually compatible
and thus not flexible. The need for what has
been called “low energy” sensors has been
bolstered by the growing stable of optical
tools born out of the communications indus-

try.

So because of the ability to connect directly to
the power line, the modularity, the promised
increase in resolution, the lower costs and the
compatibility to solid state electronics, optical
sensors will certainly be the means used to
acquire data from the power system in future
designs. The discussion here is onboth active
and passive optical voltage and current sen-
SOTS.

Overview of Sensor Requirements

To provide for the two tasks necessary in
operating a power system; revenue metering
and circuit protection, a basic understanding
of the requirements is needed. To do this, itis
not really necessary to copy conventional sen-
sor specifications exactly, as many terms and

conditions do not relate or even apply to opti-
cal sensor technology. For example the inher-
ent non-linearity of conventional transducers
and their sensitivity to load, requires rather
complex specifications. Optical sensors (cur-
rentor voltage in this discussion), being rather
linear in nature and insensitive toload, canbe
specified as a simple deviation from a straight
line fit and is known as “uncertainty”. The
word Burden, will not exist in the optical
sensor world and neither will be the require-
ment of 5 amp and 220 volt output levels.
What will be important will be the signal to
noise ratio of the sensor, the ability to preserve
the phase angle (or time relationship) between
other measurements on the circuit. Also satu-
ration need not be an issue with conventional
sensors, but passive optical sensors can be
designed not to saturate (more on this later).

In order to determine the best possible fit
between the lowest achievable uncertainty (or
resolution) and the costs necessary to obtainit,
a great deal of work has been done to identify
possible error terms that will be present. To
best insure that optical sensors will be at least
as good as the technology they will replace,
several basic assumptions were made on the
outset which are summarized in Figure 1 be-
low: The charts show approximate ranges
and values due to the fact that there will be

Metering
Protection

Fault Location =

Opu

1pu

2pu
Dynamic Range ("per unit" units)
Metering
Protection

Fault Location

0.1 1 10

100

1k 10k
Frequency Response ... in Hz (at the 3 dB point)

Figure 1 - Generalized Sensor Specification Summary

Metering i

Protection |

Fault Location

0.3% 1% 3% 10%

Uncertainty (Error)

0.1%

100k 1M 10M 100M 1GHz

A Primer on Optical Current and Voltage Sensors and an Update on Activity

D.C. Erickson Page [2]



some leeway in system design as the sensor/
interface configuration matures. At this time,
there is great flexibility in the concept making
it possible to fine tune requirements along the
way.

Note the addition of a third consideration,
Fault Location. This is included here because,
while not directly related to circuit protection,
is related to the time it takes to bring a system
back into operation after a system disturbance
that would cause a temporary or permanent
fault. A concept used to extend BPA’s
timekeeping skills to the microsecond level
(known originally as Microtime) [1-3] allows
for the use of synchronized counters or clocks
and high frequency optical sensors to allow
automatic and instant location of faults to
within one tower on overhead lines and to
withinone meterincompressed gas networks.
As Microtime was also developed as a means
to allow for advanced phase angle telemetry
(to a theoretical accuracy of 22 millidegrees),
specialized salient features inherent with op-
tical sensors (such as very fast response time)
are important to the logical advancement in
this area. In addition the use of technology in
this range allows for research equipment de-
signs that are used for further system optimi-
zation studies.

The following discussion deals with optical
sensors and techniques and includes a sam-
pling of systems available at present.

Optical Sensor Types

There are two distinct classes of optical sen-
sors; Active and Passive. Active sensors use
conventional transducers coupled to on-site
electronic to optical converters powered in
some way by local energy conversion ele-
ments. This class makes use of some excellent
conventional transducers that were not prac-
tical before without modern optical transmis-
sion means. Passive sensors, on the other
hand require no electronics or power supplies

at the measurement site and use long under-
stood physical techniques to convert current
or voltage (or the fields caused by them) to
provide optical modulation. The transmis-
sion path in both cases is fiber optic and path
lengths may extend to immediate ground
level, or directly to the control house that
could be many kilometers distant.

Active Sensors

The most common conventional methods used
in measuring current and voltage on a high
voltage conductor are by iron core (current)
and capacitive potential (voltage) transform-
ers. The main problems, especially with cur-
rent transformers, are cost (most of the cost is
intheinsolation and porcelainrequired), their
nonlinearity and saturation. With current
transformers, there is the additional risk of
explosion due to the build-up of hot gasesina
vessel not adequately designed for pressure
relief.

Before the days of optical isolation there were
few suitable methods to do the task any better.
With the ability to optically isolate, thus
requiring less insulation and therefore less
costly, other current measurement methods
could be used. Two of the best methods for
measuring current were Rogowski coils and
current shunts (in-line resistors) . Inexpensive
and more accurate, they could be placed
around or in the conductor and because both
provide a low level voltage relative to the
current, that signal could not be brought to
ground with conventional techniques.

Voltage measurement using capacitive or
resistive dividers could also be optically
isolated atthe ground level atlower costsif the
stringent burden requirements could be
relaxed.

This next section will provide insight on two
of the problems associated with designing
active optical sensors. These problems are;
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powering the electronics and which method
would be used to encode the light beam.

Types of Active Sensors

rrent M remen ing Acti

SQHSQI‘§

Several methods are presented below that
have or could be used with an optical trans-
mitter for the measurement of current in a
high voltage transmission or distribution con-
ductor:

® Resistive Shunt(or Current Mirror) - A
high power, very low value (typically 50
uQ) resistor inserted in series with the
conductor will provide a voltage propor-
tional to the currentin that conductor. The
designis inherently simple with the draw-
back being the need to insure that the
maximum power dissipation will not ex-
ceed theresistor’s specifications. Alsothese
units are good only into the tens of kHz
(however, more than adequate for protec-
tion schemes.) We have used this tech-
nique quite often at BPA especially in
staged fault tests both on the ac and dc
lines [4-7].

RESISTIVE SHUNT

HIGH VOLTAGE
CONDUCTOR

OPTICAL
TRANSMITTER

Figure 2 - Resistive Shunt Application

* Iron Core Transformer (CT) - Using an
iron core with the primary “winding” be-
ing the conductor itself, would provide a
mirror of the conductor current with low
costs (certainly compared with the type of

CT’s used today) but the problems with
saturation and non-linearity would still
persist. The possibility of retrofitting exist-
ing CT's does exist with this method. BPA
has experience in this area [7,8].

HIGH VOLTAGE
CONDUCTOR

CURRENT T
TRANSFORMER
(IRON CORE) b

Figure 3 - Iron Core Transformer
Application

TRANSMITTER

OPTICAL ]

e Air Core Transformer (or most com-
monly referred to as a Rogowski Coil or
linear coupler) - Saturation is not normally
a problem with this approach and the costs
are low. This approach has been used suc-
cessfully at BPA both in monitoring very
high currents (100 kA on a steel mill fur-
nace feeder) [7] and very low currents (less
than 10 mA monitoring harmonics at Ce-
lilo).

HIGH VOLTAGE
CONDUCTOR

OPTICAL

ROGOWSKI COIL TRANSMITTER]

(AIR CORE
TRANSFORMER)

Figure 4 - Rogowski Coil Application

For the record, a Rogowski coil based sys-
tem, powered by an iron core transformer
that uses microwave linking is available
from Nitech of Fairfield Connecticut, that
has been tested at BPA. It measures the
voltage, current and temperature of the
line and is particularly useful in measur-
ing line sag.
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Voltage Measurement Using Active
Sensors

Several methods are presented below that
have or could be used in the measurement of
voltage on a high voltage transmission or
distribution conductor:

¢ Stepdown Voltage Transformer (VT) -
This approach, differs in the conventional
way in that coupling is done optically. The
design of the transformer and the line to
ground insulation could be less costly than
using transformer coupled means. The
optical transmitter could reside at the high
voltage end if necessary.

HIGH VOLTAGE

«— TRANSFORMER

'
OPTICAL
TRANSMITTER

\,

Figure 5 - VT Application

e Resistive Divider - Again, same com-
ments as above, but there are salient fea-
tures including lower costs and versatility.

HIGH VOLTAGE

«— RESISTIVE DIVIDER
(

OPTICAL
TRANSMITTER

.

S AT s

Figure 7 - Resistive Divider Application

* (C2Section Divider - Using a capacitive
plate in series with the natural capacitance
that exists between it and the conductor,
provides the best approach when measur-
ing gas insulated systems whichhave very
high frequency components (<lns
risetimes). This also has been done at BPA

[9].

* CapacitivePotential Transformer (CPT)
-Same comments as with the VT discussed
above but a more commonly used trans-
ducer. Retrofitting existing CPT's could
easily be done and in fact has been ex-
plored here at BPA, especially as a fault
transient detector.

HIGH VOLTAGE
1 f TRANSFORMER
T 1
1 OPTICAL
== TRANSMITTER
) .

Figure 6 - CPT Application

OPTICAL
TRANSMITTER

GIS VESSEL

Figure 8 - C2 Section Application
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Remote Power Supply Methods for

Active Fiber ti Nnsors

Sinceanactive sensor requires electrical power
at the conductor level there are several meth-
ods thathave or could be used in powering the
electronics module. The following list pro-
vides some short comments on a few of the
most interesting methods:

* Batteries - Even with modern chemis-
tries, they mustbe serviced often and most
power utilities will not allow this.

* In-Line Current Transformer - Used if
the conductor current always present, but
if it is ever off, then backup batteries must
be used (see above comment).

* Resistive Shunt - Same problems as the
In-Line Current Transformer.

¢ Solar Powered - Used, but because of the
need for batteries, a poor choice. This
method suffers also because of inherent
exposure of the plates to the elements and
to vandals.

* Piezoelectric - By using a dielectric rod
to couple two piezoelectric crystals, power
transfer can be done. A good method, but
not used much.

* Rotating Dielectric Rod Coupling a
Motor and Generator - As with the piezo-
electric method, good but not used very
much anymore, only here there is some-
thing to wear out.

* Wirewound Isolation Transformer -
Used more often than most other methods,
but is very expensive and bulky.

* Laser Powered - Using a ground based
laser beam coupled to a fiber (possibly the
same fiber bringing down the encoded
information) and a measurement site lo-
cated photodiode; power transfers up to
50% are possible with no need for battery
backup. Only recently possible, this
method is the best as it fairly inexpensive
(all things considered) and reliable.

[ SENSOR )

k(TRANSDUCERL

( SCALING AND )
OPTICAL
| TRANSMITTER,

820nm Photodiode

1300nm

LED
OPTICAL
LASER DRIVEN FIBER
POWER SUPPLY

HIGH
VOLTAGE
PL ANE W ALAIA)

44444

([ TERMINUS )

EQUIPMENT HIGH

) VOLTAGE
INSULATOR
FOR FIBERS

\_

(" orricAL )
RECEIVER AND

( DRIVER )  OPTICAL
FIBER

1300nm
Photodiode 820nm Laser

Diode
LASER
DRIVER

Figure 9 - Optical Powered
Transmitter Application

Note that in the above Figure, the laser and
the photodiode at the bottom and the
photodiode and the LED at the top are
combined. This is possible because the
uplink is operating at an optical
wavelength of 820 nm and the downlink is
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at 1300 nm. Since both the laser and the ¢ Analog to Digital /Digital to Analog -

photodiode are transparent to the 1300 nm This method, on the surface would be the
wavelength, they can be manufactured best as the conversion would most cer-
behind the 820 nm elements. This scheme tainly be compatible to the digital analysis
only uses one fiber. system it would connect to. The costs are
moderate and 500 ksample rates at 16 bits
ncoding Methods For Active Fiber is possible, but the transmitters are usually
tic Sensor power hungry and complex. Dynamic
range would not be a problem if using 16
There are two methods commonly used in bit conversion (one part in 65K) electron-
modulating a light source; analog and digital. ics.
And there are two digital types, AD/DA and
VE/FV. * Voltage to Frequency/Frequency to
Voltage - As of now the most preferred, as
* Analog (or most often referred to as the transmitter is simple and, compared to
intensity, modulated)- By varying the cur- the A/D converter, needs much lower
rent directly through an LED or laser di- power requirements (for a 10 kHz band-
ode, data can be converted from electrical width system, 3 mW has been achieved).
to optical for passage to a remote receiver Highbandwidths are possible but the reso-
using fiber optics. This method results in lutionis compromised. Still thisis the best
the lowest component cost but does have choice for most applications requiring low
several limitations. The firstbeing thatitis power, high reliability systems. The most
slightly non-linear. Also this method con- severe drawback is that after conversion
sumes a lot of power and has a limited from optical to electrical, a second conver-
dynamic range. The primary advantage sion from frequency to digital is necessary.
aside from cost, isits ability towork at very BPA has used this method extensively for
high frequencies (at BPA we have designed over 15 yearsinmany measurement appli-
systems that go into the GHz range [9]). cations and itis the main means used in the

The best application for these sensors is in BPA Test Trailer [4-8,15-17].
self powered designs, measuring voltage
or events that require low resolution (as in

fault detection).
OUTPUT SIGNAL
A OUTPUT A P
o 2 SIGNAL .
- [ 4y
z$ 55 P
~. 1 baasg . I < &~ .8
- ol =)
5 E 5 E Pihreshold
3= ==
00 f 00
: INPUT CURRENT s INPUT CURRENT
/’ : in Amps /’ in Amps
WIDEST DYNAMIC : WIDEST
INPUT SIGNAL RANGE OPERATION  INPUT SIGNAL BANDWIDTH
. . _ OPERATION
Figure 10 - Intensity Modulation Methods
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Figure 11 - Block Diagram of a
V/F to F/V System

Passive Sensors

In anideal design there would be no electron-
ics at the measurement site and by using sev-
eral interesting physical effects this is entirely
possible. Such designs would incorporate
pure optics, would have no saturation prob-
lems and would allow for minimum conduc-
tor to ground isolation. They need not be
dependent at all to conventional sensors and
in fact the sensor itself may be intrinsic to the
communications medium. A great deal of
effort at BPA has placed in the identification
of the possible error mechanisms and the tech-
niques to be used to connect a passive sensor
to the power system [10-14].

Optical sensors can be made to measure any
physical phenomena and hundreds are now
available. To measure current and voltage,
two principles have been isolated with a vari-
ety of configuration designs.

Figure 12 shows the general diagram for the
type of optical sensor in discussion. Note
however that many configurations exist in-
cluding those that are intrinsic (the witness
material is in fact the fiber itself). In addition
there are other methods that split the exit
polarized beam into three components. As
will be shown later, there are ways to analyze
the modulated signal using only one of the
two exit beams shown in the figure.

urrent Measurement Using Passive Sensor
The principle used most commonly to mea-
sure the current is the Faraday Effect. In 1845
Michael Faraday discovered that under the
influence of a magnetic field, glass becomes
optically active. Thisactivity canbe witnessed
using a linearly polarized light beam which
will rotate as a function of the magnetic field,
a special “constant” relative to the type of
glass used, thewavelength of the optical source
and the length of that glass.

Light Source
(LED or LASER)

@I
Waveplate -//
Interrogation Beam

Witness Material

Lens (NA to match Fiber and Source /Detector) 6 total in circuit

Analyzer

r Polarizes

Figure 12 - Optical Block Diagram of an Optical Sensor

Optical Detector
(Photodiode)
2 total in circuit

| Fiber
| Optics

@
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This rotation is given as:

56 = V§ ‘Hedl Equation 1
where:

8  =The Polarization rotation

V  =The Verdet constant (actually nota

true “constant” asitis sensitive to the
wavelength of the source and the tem-
perature of the glass)

= The Magnetic field intensity

= The Optical path length (note that
this effect is nonreciprocal, that is the
rotation “builds up” even if it is re-
flected back down the optic axis (the
path can also “zigzag” down the op-
tical axis thus increasing the overall
length and thus the sensitivity)

e

From this equation it can be shown from
Ampere’s Circuital Law that:

6 =VlIn Equation 2
where:
I = The current in the conductor (as-

sumes that the total field around the
conductor is monitored)

n = number of turns around the con-
ductor

V  =The Verdet constant (in Radians/
Turn-Amps)

Current Sensors using Equations 2 and 3 as a
basis are classed into three types; the Bar, the
Ring and the Fiber sensor configurations:

* BarSensor - In this approach a Faraday
glass is placed longitudinal to the B-field
and optical rotation can be monitored as
shown in Figure 13. This approach is not
the most accurate of the three, because it
does not encompass the conductor so it is
sensitive to the B-fields, butis the only one
that can easily be attached to the line with-
out disconnecting the circuit. By using a
concentrator made of iron or Metglas(see
Figure 14), amplification is achieved but
at the price of saturation and frequency
response.

BPA [12,14], Square D [18], Optra [19] and
Sumitomo [20,21] have made such concen-
trator systems and other interesting work
is being done in Denmark and by other
companies in Japan. The Sumitomo sys-
temis still in production after 10 years, but
due to the poor accuracy (+2% from 0 to
40°C) it is still used mostly in the lab. Its
strong points, beside being able to clamp
on to the conductor, is that it is simple to
manufacture and thus can be very inex-
pensive. Use Equation 3 for this type.

CONDUCTOR

AN\

If the sensor monitors the field density in
some defined space away from the conductor

then:
6 =VBL Equation 3
where: ‘E’ S @
B =The Magnetic flux density @ @ @
V  =The Verdet constant (in Radians/ Figure 13 - Schematic of a Bar

Gauss-cm) Sensor
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Figure 14 - Schematic of a Bar Sensor
with a Concentrator (note that in

actuality there is a small gap in the core
where the optical assembly is placed)

* Ring Sensor - By creating a full turn
around the conductor withbulk glass (Fig-
ure 15), this sensor is immune to other
fields. Drawbacks are that is difficult to
manufacture and stresses in the glass ring
introduce unwanted optical modulation
effects into the systemincreasing the error.
But, with careful design and manufactur-
ing, this method has provided accuracies
that meet or exceed conventional systems.

Many commercial systems exist and have
been through field trials. The most notable
is the ABB system [22] (formally a
Westinghouse effort) which has been in-
stalled for many years in the 161 kV
Chickamauga Dam switchyard. This was
a metering grade system that performed
very well. Square D also manufactures a
system that uses thisapproach[18,23]. Also
Toshiba Corporation has tested systems at
the Tokyo Electric Company that uses this
approach to monitor a GIS (Compressed
Gas Insulated) installation [24]. Still an-
other GIS system is the Hitachi sensor [25].
Use Equation 2 for this approach.

Figure 15 - Schematic of a Ring Sensor
(note that some manufacturers cement
four blocks together while others make
it out of a single piece of glass)

* Fiber Sensor - Both of the previous
systems are extrinsic sensors. The fiber
sensor is intrinsic as the fiber itself is the
sensitive element. The ability to use the
fiber as a sensor makes potentially the
most economical sensor of the three but
until recently stresses introduced when
bending the fiber, were overwhelming.
But techniques involving heating the fiber
in its form and annealing it almost elimi-
nate these problems [26]. Eventually this
approach should dominate and provide
for the most accurate and less costly of the
methods and more than exceeding todays
current measurement specifications.

Available systems include the PSC Enertec
system trialed at EDF in France [27], the
3M system under development at present
[28] and the Sifam system [29] (of En-
gland). Each system uses a different ap-
proach as shown in the following figures.

A Primer on Optical Current and Voltage Sensors and an Update on Activity

D.C. Erickson Page [10]



Mirror

SE®

Figure 16 - Schematic of PSC Enertec
Fiber Sensor (note that the light is
redirected back through the fiber to
help cancel out birefringence effects)

Splitter

Three Phase
Spitter

Polarizer

D

Figure 18 - Schematic of the Sifam
Limited Sensor (note the use of three
beams as there is a special
compensation scheme that will increase
the dynamic range and correct certain
light level variations)

onls
e

Fiber
Polarizers

O G

Figure 17 - Schematic of 3M Fiber
Sensor Showing Two Possible Versions
(note that the polarizers are in fact
fibers)

Voltage Measurement Using Passive

Sensors

To measure voltage on a conductor, we use a
principle known as the Pockels Effect. This
effect, while similar to the Faraday Effect,
differs in that the polarized light is circular
and the electric field causes the beam passing
through a special crystal to force a phase shift
relative to both orthogonal axes.

In 1893, Friedrich Pockels discovered that
under the influence of an electric field, certain
crystals (those thatlack a center of symmetry)
are birefringent, that is, having differing opti-
cal velocities in both orthogonal axes as a
function of that field. This activity can be
witnessed using a circularly polarized light
beam whichbecomes elliptical as a function of
the electric field, special “constants” relative
to the type of crystal used, the wavelength of
the optical source and the length of that crys-
tal.
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This activity known as retardance is given as:

I'=2mnlr, LE/2 Equation 4

where:

I' = The Retardance (in radians)

Ny = Ordinary index of Refraction (no
dimension

Twk = The Electro-Optic constant (in
meters/volt)

L = The length of the optical axis (in
meters)

E = The electric field (in volts/meter)

note that some crystalsare used in the
longitudinal mode and some are used
in the transverse mode

A =The wavelength of the light source
(in meters)

The measurement of voltage is a bit more
involved as the potential must be relative to
ground. Tomeasure voltage using the Pockels
effect two approaches have been studied:

* Contact Sensors - A Pockels crystal
requires a voltage placed either longitudi-
nal or transverse to the optic axis (Figure
19). Using a voltage divider (as those
described above) this is readily achieved.
The problem is one of possible breakdown
and the added expense of the divider.
Manufactures include PSC Enertec [27]
(integrated with the current sensor de-
scribed earlier), Hitachi, (both using a CPT
as a divider) and Sumitomo [20,21] (hav-
ing free leads capable of a 500 v input).

A very interesting approach to this prob-
lemisbeingtested atthe Technical Univer-
sity of Denmark (DTH) using a special GIS
design. Here a capacitive divider, unlike a
conventional CPT is used as shown in
Figure 20. The voltage sensor is one manu-
factured by Sumitomo.

E-Field
I Vector

CPT Divider

Transverse

N

Figure 19 - Schematic of Two Versions
of Contact Sensors)

High Voltage

Ground

Output
from
Divider

5
Figure 20 - Schematic of the DTH
Approach
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Along the same lines is a special technique
which is also phase related. Interferomet-
ric means can be used to design more
sensitive sensors that can be used in a
variety of ways. Using the Mach-Zender
Interferometer (MZI) as shown in Figure
21, other configurations exist.

LASER @

OUTPUT

B
+ B0
vy

( INTEGRATOR <k

L) ~3

LOW PASS
FILTER
A

REFERENCE
FIBER
PERTURBATION

DETECTION

Figure 21 - Schematic of a MZI (the
fiber being disturbed can be connected
mechanically or electrically to the
perturbing signal)

Optech of Herndon, Virginia, markets a
MZI system that uses a CPT divider that
couples to a piezoelectric cylinder that has
the sensor fiber wrapped about it [31]. In
fact using a Rogowski coil coupled in the
same way, current can be measured using
exactly the same elements. This is an im-
portant step in insuring that the next gen-
eration of sensors is modular.

* Field Immersed Sensors - By immers-
ing the sensor in a tightly controlled E-
field, measurement is readily achieved.
Themaindrawbackis designing the cavity
to be impervious to external fields and
temperature variations. By using tech-
niques learned in the design of gas insu-
lated substation apparatus, such designs
should not be a problem.

E-Field
g Vector _
Tra;:qsl]vglme&! (} 0% i‘é
i)
: =
(ﬂz §

Figure 22 - Schematic of Two Versions
of Field Immersed Sensors

Measuring Voltage with Current Sensor
and Measuring Current with Voltage Sen-
ors

There are some clever means to use the sen-
sors described previously to measure other
quantities. A few are shown below:

Iron Core Pockels
Transformer Sensmt
Monitoring Responding
Current to the

Voltage from

/ the
N@*g Transformer

Figure 23 - Schematic of a Current
Measurement Sensor Using a
Pockels Sensor
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dt
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= Line Voltage

CPT Divider

Figure 24 - Schematic of a Voltage
Measurement Sensor Using a Faraday
Sensor

The Sensor Interrogation Process

Referring back to Figure 12, note that one
beam is used tointerrogate the sensor and two
beams provide the end result. In addition a
waveplate is necessary to prepare the input
beam. The reason this works and an explana-
tion on why a waveplate is required is the
basis of the following discussion.

As it is not possible to directly detect the
polarization angle of incident light using a
photodiode, the interrogation beam, modu-
lated by the sensor material, must be con-
verted into two (or more) intensity beams.
This is conventionally done with an analyzer
placed relative to a polarizer as shown in
Figure 25.

In a normal situation two orthogonal vectors
are created as shown. Note that there is an
intensity vector “A” and an angle “¢” which is
the angle difference between the polarizer

A $,’
Ag=Asinod—P

A = Optical
Intensity or
Amplitude

o = Tilt Angle
around
Optical Axis
Unpolarized

. ’
Optical » Light

. 7
Axis ,

Figure 25 - Polarizer/Analyzer
Relationship

and the analyzer. The resultant vectors would
be given as:

A, =Acos¢

. Equations 5 and 6
A, =Asing

From the law of Malus, which states that the
transmitted optical intensity (e.g., amplitude)
varies with the square of the cosine or sine
between the two planes of polarization, the
transmitted optical power is then:

P, =P, cos’¢

E i 7 and 8
P =P, sin¢ quations 7 an

Then including the optical modulation (“M”)
due to the sensor material (note M = 6 for a
Faraday sensor, M =T for a Pockels sensor):

2
P, = P, cos®(¢ + M)

i 1
P, = P, sin(¢+M) Equations 9 and 10

where:

P,.= The optical power input (note that
losses need to be taken into account).
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Both can also be expressed as:

P, =P, cos’(¢p+ M)= PT""[I —cos2(¢ +M)|

P, =P, sin’(¢+M)= %‘&[1 +cos2(¢ + M)

Equations 11 and 12

The next step is to determine the value of " ¢"
so that when the modulationis zero, there will

be anequal distribution of light between "P "
and "P,". For the Faraday circuit, we know

that since "M" is a rotation, making " ¢ “ 45° or
n/4, Equations 11 and 12 will be equal when
IIMI’ = 0'

There are actually three ways to do this (refer
back to Figure 12). The first is to actually
rotate the analyzer (or polarizer) 45° around
the optical axis. The second is to rotate both,
one clockwise and the other counterclockwise
22.5° off optical axis. The third would be to
use a half waveplate which has the property of
allowing a rotation at any angle. This feature
would allow for “tuning” the optical balance
in manufacturing, possibly reducing costs,
however the problem is that waveplates are
expensive and temperature sensitive so that
little is gained. Inserting “¢“ = n/4 into
Equations 11 and 12, we get (after the trig is
done and making “M” equal to “ 8“):

P, = %in-(u sin26)

05 Equation 13

As for the Pockels sensor, which is phase
modulated, the we must cross the polarizer
and the analyzer (“ ¢ ”=90°0orn/2)and add an
additional bias to “M” (which in fact acts like
a variable waveplate) so as to create optical
balance when “M” = 0.

Making the waveplate element add an addi-
tional 90° to the circuit would result in the

following (making "M" now equal to “T"”):

o Equation 14

P .= %(1 tsinT)

This kind of waveplate is known as a quarter
waveplate and produces circularly polarized
light.

Note that the same electronics for each sensor
are used at the ground level which allows for
a universal design.
Fiber Optic Types for Faraday Sensor

In theory a single-mode fiber is supposed to
allow propagation of linearly polarized light
along the entire path. Howeveritis extremely
difficult to fabricate them as perfect cylinders
and to be impervious to external perturba-
tions such as stress, temperature effects, etc.
Conventional single-mode fibers used in the
communications industry need pass only in-
tensity modulated light, so for those applica-
tions, polarization maintenance is not a prob-
lem (note however that it will be important
with the next generation of communication
systems). Tolaunch polarized light into these
fibers would result in the orthogonal compo-
nents having differing phase velocities which
is known as linear birefringence. This would
in effect, disturb any Faraday rotation mea-
surement.

To make fibers that could be used in intrinsic
configurations that use no imaging elements
such as lenses (See Figure 12 for an extrinsic
sensor, Figure 17 for an intrinsic type), fibers
with very low birefringence or those with
very high circular (or elliptical) birefringence
areneeded. The idea in using the latter would
tobe average out the linear birefringence over
the active path and in addition the internal
static birefringence would be much higher
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than what could be dynamically applied ex-
ternally.

Twisting the fiber can average out the linear
birefringence but this is very hard to do with-
outbreakage. Spinning the fiber duringmanu-
facture has provided fibers with very low
internal birefringence and have been used in
several Faraday sensor systems. The problem
isthatthe external effects such asbending and
pressure must be eliminated in the sensor
design. Another method usedinreducing the
bend-induced birefringence infibersis to form
a coil, heat it up to about 800°C for a period of
days and anneal it by slowly cooling. These
fibers are now available and show promise in
mass-produceable designs[26, 28]. Finally,
producing a fiber that is highly circular bire-
fringent, would be relativity independent to
external linear birefringent activity. Such fi-
bers are made by having the core follow a
helical path down the optical axis bounded by
the cladding or by twisting it as described
before.

Materials Used in Optical Sensors

Most of the success in the design of extrinsic
optical sensorsisinwitness material selection.
For the Faraday sensor there are three types of
glasses; paramagnetic, diamagnetic and fer-
romagnetic. If temperature sensitivity is an
issue, then the choice is diamagnetic. But if
very high measurement sensitivities is re-
quired, and temperature can be controlled,
corrected for, or is not anissue, then paramag-
netic or ferromagnetic materials are more sen-
sitive, with the latter far more so but then
saturation becomes an issue. Materials of
importance are SF-57, SF-6, SiOp, BK-7 and
ZnSe (diamagnetic) and YIG (yttrium iron
garnet) (ferromagnetic).

For Pockels sensors the selection is more in-
volved as many material selections exist. The
most important feature is the temperature
insensitivity and (from Equation 4) the prod-

uct n3r (one figure of merit used). Important
materials are BigGe3O12 and LiNbOj3. For
high sensitivities KDP has a high figure of
merit but is somewhat temperature sensitive.
There is a special electro-optic plastic (EOP)
that shows promise especially for very low
cost designs that is being investigated at
present.

The key point here is, given the fact that the
sensor will be temperature sensitive (due not
only to the witness material but also to align-
ment and other factors) compensation of some
sort may be necessary to mass produce inex-
pensive designs, especially those tobe used in
distribution applications. To date little atten-
tion has been given in the area of dynamic
temperature compensation,but given the abil-
ity to measure the temperature with optical
means and the fact that computers will surely
be used in the analysis procedure, costs in
integrating temperature compensation could
outweigh costs in providing temperature in-
sensitive systems.

Identification of Problems and
Compensation Techniques

It would not be fair to present this topic and
not listsome of the assorted problems thathad
to be solved to make this technology available
to the power measurement industry. The
following are just a few of these problems and
solutions:

¢ Review of Equations 13 and 14 indi-
cates there will be distortion as modula-
tion extends beyond certain bounds. Al-
though this looks like a non-linearity prob-
lem, it is in fact quite predictable and there
are several means that can easily correct
for it:

Solution 1 - Use lookup tables if digital
analysis is done. This would be particu-
larly important in high accuracy applica-
tionswheneachmodulehasaunique “per-
sonality profile”.
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Solution 2 - Modulate the sensor in the
“linear” range only, its definition being
when:

SinM=M Equation 15

Anequation for the above relationship can
be derived from the Taylor Identity:

3 5
SinM =M—£+£--- Equation 16
1 3t 5!

Pin
2

[11T]

P ... .
P, = 7[1i sinl"] =

for the Pockels Effect
and:

Pin : Pin
P,.= > [1£sin26] = 5 [1£26]

for the Faraday Effect

Equations 18 and 19

Note that the fifth order and higher add
less than 0.1% to the result, even at large
angles, so they can be left out.

Then using the following for percent error
the sensor must maintain at the required
dynamic range:

y =|A%| = percent error
ifI' =26 =x then:

3
o =2
_[m]lo(): _\ 6Jhoo

| sinx x®
x—_
%)
and then:

1
x=T=20=|-2Y |
100+ 7y

Equation 17

From Equation 17, you must design the
sensor so that for the accuracy required

(see Figure 1), “I'”, or "26" must not ex-
ceed (based on Equations 13 and 14) 0.08
radians to be within 0.1% uncertianty.

In other words, if the sensor designer is
careful not to allow modulation beyond
that value given by the above equation
(Graphed in Figure 26) then the following
equations can be used for simplification:

Percent Error to Maintain
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JION o /
NON-LINEAR ’
.. MODULATION /|
yd
/.
/.
/.
//
.1 y 4
LINIE
/ AJLINL AL
/" 'MODULATIO
/
01 /

01 a1 1

Figure 26 - Graph Showing the
Maximum Modulation Possible to
Declare "Linear Modulation"

Solution 3 - If the previous method fails to
provide the dynamic range necessary for a
linear sensor design, there is another way
to enhance the result. Again takinga Tay-
lor identity, this time for the arcsine of the
modulation “sin M”:
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Note that the dynamic

Using the
First 4 Terms

t 3 Terms

Maximum Modulation to
Keep at or Below 0.1%

Figure 27 - One Method Used to
Linearize an Optical Sensor

This relationship could be applied to the
result either like the method in Figure 27,
or if a digital computer is used, with pure
math.

if: range for a particularaccu-
Pp = &[1 + sin M] racy needed gets better as
’ 2 the number of terms used
and: increases.
. 2P, ,
sinM=F —2+1 e Another problem is that
P, there will be a change in
then: the value “P,_” in Equa-
L . (sinM)’ 3(sinM)’  15(sin M)’ tions 13 and 14 due to op-
arcsin (sin M) =sin M + 6 + 20 + 336 | tical attenuation, optical
Equation 20 degradation etc. This ne-
cessitates adding a factor
"o describing the losses
Signal from Linearized (mostly static losses bgt could account for
Sensor Output low frequency dynamic losses as well)
=sin M

Many means exist to reduce this error, the
two most popular are the “dc” and the
“ac” methods both shown below:

The “d¢” Method

If dc is to be measured and both analyzer
fibers can be provided, then the circuit
given in Figure 28 is used.

The “ac” Method

If dc measurement is not requird, then the
method described in Figure 29 is normally
used. Its primary advantage is that only
one down link fiber is required, thus sav-

-ql—;-‘"- [1+ sin(M)] - -&E-m- [1_ sin(M)]

Pout

out —

a—I;iﬂ- [1+ sin(M)] +-q-122“- [1 - sin(M)]

Figure 28 - The "dc" Method Used to Eliminate the Effects of a Varying Optical Input

= sin(M)

Equation 21
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_ "ac" component

P out

oP.

—ln

> sin(M)

P,= =
™ "d¢" component

Figure 29 - The "ac" Method Used to Eliminate the Effects of a Varying Optical Input

= sin(M) Equation 22
aP.

2

ing costs (note that if this method is used,
Figures 13-15, 19, 22, 23, and 24 could all
be redrawn so as to show one fiber down
link). In addition the analyzer, normally a
cubetype, can thenbeasheet type (provid-
ingonly one orthogonal component) which
is much less expensive.

Inadditionto the abovemeans, servometh-
ods and other mathematical means will
also remove the effects from a varying
light source. However, if the change is
rapid, then none of the above will work as
anew problem arises. If the either fiber up
ordownlink(s) were perturbed differently
(e.g.,a sharp bend - enough to cause mode
coupling out of the core into the cladding).
Then there will be two versions of "a", "ot "
and "o ". One solution is to use “stift”
cable jackets or employ error analysis in
the software. Such a method is given be-
low in Equation 23:

* The crystal, waveplate and polarizers
used in the optical circuit are sensitive to
temperature. Much work was done to
determine the severity of the problem and
it has been determined that while some
crystals have very low temperature coeffi-
cients, as do polarizers, the waveplates
provide the greatest sensitivity. Some sort
of temperature measurement using opti-
cal techniques (many exist) will allow for
compensationwithin the analysis electron-
ics. Again, for high accuracy systems, a
"personality profile” of each sensor maybe
used for linearization given the tempera-
ture at the conductor.

* Thereare piezoelectricnoises whenstep
functions are applied to certain Pockels
crystals. This problem can easily be solved
by cutting the crystal’s length so that the
vibration mode is above the measurement
range. In fault sensor designs where accu-

o P,
- p m .
P, = ——2—-[1+ sin(M)]
P, = “STPi“[l —sin(M)]
P = Pp"—"?C” component only of P, _ PS,,_.HE.‘.C" component only of P, _ 2sin(M)
ac” component only of P, ac” component only of I,
Equation 23
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racy is not important, but sensitivity is,
this “problem” can be a “feature”.

* There is a definitive noise component
in the photodetection circuit. On the sur-
face a potential problem for metering ap-
plications, but since the photodetection
noise is more or less Gaussian, it will factor
out in the integration process (when the
waveforms have been converted to rms
values and integrated over several sec-
onds or minutes).

In conclusion there are solutions to most of
the known problems. The major problems
willbeinkeeping the field under measure-
ment “clean” and homogeneous.

Industry Activity and Where are the
Sensors?

At present there are many companies
worldwide actively involved with the design
of optical current and voltage sensors
specifically related to the powerindustry. Even
though the real need is for the distribution
side of theindustry, most of the effort hasbeen
directed to the transmission side as the monies
have been more available.

What are some of the reasons why there is not
widespread use of optical voltage and current
sensors? Perhaps the major reason is that,
since they are "low energy", they do not inter-
face with existing meters and relays. Even
though many manufacturers are designing
and marketing digital systems now, there is
still a need for a common set of guidelines to
interface the low energy sensors to their prod-
ucts and there are several efforts to do so going
on at present.

One other reason is that such new approaches
need field testing to develop a confidence
factor. And in the authors view, not nearly

enough is being done, perhaps due to the
depressed economy and the scarcity of funds
to do evaluation. Along the same lines, exist-
ing specifications concerning component life-
time, loading and tolerances as well as the
interfaceissue, compound the problem of test-
ing for confidence.

A very important problem to note, is that it is
quite common foramanufacturer notto pursue
a particular approach due the inability to
"protect it" (e.g., patents). Some of the best
solutions have been around for so long, that
manufacturers are afraid to use them feeling
to do so would enable others to copy it and
take ashareof the market. Thisis aninteresting
delimina because if "new technology will
replace old technology" (as stated in the
beginning of this primer) then we all (users
and manufacturers) must have the wisdom to
decide when and how to incorporate it.
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core fibers with a numerical aperture ot
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6 Volt Photoveltaic Power Converter PPC-6T.5T
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