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ABSTRACT

Nonconventional instrument transformers based on intensity modulation of optical signals have been reported in the
literature for more than 20 years. Recently described devices using passive bulk optical sensor elements include the Electro-
Optic Voltage Transducer (EOVT) and Magneto-Optic Current Transducer (MOCT). These technologies offer substantial
advantages over conventional instrument transformers in accuracy, optical isolation, bandwidth, environmental
compatibility, weight and size. This paper describes design and manufacturing issues associated with the EOVT and the
Optical Metering Unit (OMU) recently introduced by ABB with field installation results presented for prototype units in the
345 kV and 420 kV voltage classes. The OMU incorporates an EOVT and MOCT to monitor the voltage and current on
power transmission lines using a single free-standing device,

Keywords: Optical sensors, voltage, current, pockels, faraday.
1. INTRODUCTION

Measurement of voltages and currents in power transmission and distribution systems are critical to the electric utility
industry for both revenue metering and reliability. Nonconventional optical methods for making such measurements have
been reported in the literature for many years. Recent advances using passive bulk optical sensors include the electro-optic
voltage transducer (EOVT) and magneto-optic current transducer (MOCT) which may be combined into a single optical
metering unit (OMU). These new sensors provide substantial advantages in accuracy, galvanic isolation, bandwidth, size,
weight and environmental compatibility. Furthermore, such optical sensors eliminate ferro-resonance effects and can be used
either as free-standing devices or incorporated into other components of the power system.

While such sensor concepts have been understood for some time, the challenge has remained to transition optical sensors
from the laboratory into hardened commercial devices which meet stringent utility standards. This paper documents design
and manufacturing issues associated with the optical metering unit (OMU) recently introduced by ABB and a discussion of
utility industry applications is provided to better emphasize the importance of this technology. The critical aspects of the
OMU include optical design, dielectric and mechanical packaging, type testing, electronics/interfacing and calibration. This
product utilizes standard components to cover a range of voltage classes and thus becomes cost competitive with
conventional oil-filled, wound magnetic core based technologies. Testing and field installation results are presented for
selected systems and various practical issues including calibration, operations and maintenance are discussed.

2. OVERVIEW OF APPLICATIONS

Measurements of voltage and current are fundamental to revenue metering and control of the electric power system. Since
the latter half of the 19th century, this function has been carried out primarily by wound iron-core transformers specifically
designed to measure these variables. The accuracy, stability, and reliability of these devices have been excellent and one
should expect that they will used into the future. However, today there are factors associated with the dynamic environment




of the electric utility industry that are beginning to pressure these well-proven designs. This changing environment has
accelerated the development of non-conventional sensors for electric utility applications.

Unconventional sensors are not new. For decades, there have been designs brought to production that address one or more of
the perceived disadvantages of transformers. Among these are capacitor dividers for reduction of voltage levels, the
elimination of iron cores in current sensors to increase operating range and linearity, and even the application of electronics.
In most cases, non-conventional measurement schemes have been addressing the relatively high cost or quality control issues
of iron core designs. These new approaches have tended toward the higher voltage applications where conventional
transformer costs begin to increase at an exponential rate. [n most cases, these alternative designs involve some compromise
to the accuracy or stability of conventional transformers; but there are applications where they are a cost-effective and
acceptable approach.

Optical techniques have been looked at for some time as method for making these measurements on power transmission
systems, especially at high voltage. The complete dielectric isolation offered by an optical system is considered to be one of
the primary benefits. This factor becomes increasingly important as measurement and control equipment for the power
system becomes more electronic in nature. For these systems, the ability of optical sensors to “disconnect” the electronics
from the hazards presented by the power system in the form of voltage transients is a major factor in increasing reliability. A
related benefit of galvanic isolation is the lack of interaction between the sensor and the measured parameter. Issues such as
ferro-resonant conditions, caused by the interaction of iron core devices and capacitance, are non-existent with totally
optically-based designs.

For most optical designs, the equipment that results is significantly smaller and lighter than could be achieved with
conventional insulation systems. When this fact is taken advantage of, the equipment requires less space in the substation
and the amount of labor and equipment needed for installation is reduced. In the new economic environment brought on by
deregulation, the effect is to lower the total costs of ownership which clearly makes optical sensors more attractive and
offsets the higher initial costs of these devices.  Additional savings are realized in terms of environmental compatibility
since the optical sensor structures can be gas-insulated. This eliminates the use of mineral oil typically required in
conventional devices which has become a significant liability for many utilities in recent years.

In the substation, the most common measurement device is for current. Optical sensor elements, by virtue of their small
size and weight, can be integrated into existing substation equipment such as circuit breakers and switches. This has the
obvious advantage of eliminating the need for a separate insulation and weather protection envelope for the optical path
which can be a large percentage of the unit cost. Furthermore, there is an additional advantage in that control devices like
circuit breakers can be operated more effectively with the information provided by a larger number of closely coupled
sensors. The development of optical sensors will thus augment existing efforts to automate power system control and
operation.

From a manufacturing viewpoint, the use of optics opens the possibilities of dramatic cost reductions in the fabrication of
high voltage measurement equipment. While the cost of materials is generally higher than with conventional transformers,
this can be offset by the reduction of labor content and capital equipment which optical sensors offer. In general, well-
designed optical sensors can be mass-produced without the constraint of knowing the final application voltage or current.
This offers a significant advantage in reduction of manufacturing cycle time and inventory requirements, particularly when
combined with standardized designs which use common parts over a wide range of applications.

In one form or another, the advantages of optical sensors have led instrument transformer manufacturers to develop and
begin field application trials of these devices. In the remainder of this paper, the operating principles of intensity modulated
voltage and current sensors will be discussed, leading to a description of commercial products based on these principles.
Current sensing is accomplished with a Magneto-Optic Current Transducer (MOCT) and voltage measurements are made
with an Electo-Optic Voltage Transducer (EOVT). A complete power measurement device is assembled by combining both
devices in an Optical Metering Unit (OMU). The OMU is viewed as an important advancement in metering at transmission
voltage levels which combines the functional improvements offered by optical sensors with competitive costs compared to
conventional revenue metering class transformers. It is also a timely development to meet the needs of a deregulated utility
market, where it is expected that revenue metering at transmission levels will be required at each interface between utilities
and their largest customers.




3. BASIC PRINCIPLES OF OPERATION FOR EOVT AND MOCT
3.1 Operating principles of EOVT

To understand the selection process for a voltage sensing material, one must consider the functionality of the Electro-Optic
Voltage Transducer (EOVT) sensor. Since the electric field is a conservative field, the potential difference is

V,,—Va=f£-df (1)

where E is the electric field vector, dl is the differential length of the integration path and V, and V, are the potentials at
points a and b. Note that (1) is independent of the integration path, magnitude and direction of the electric field. Our task is
to find a material whose linear response is proportional to the dot product of the local electric field vector and the direction
in which a response is being measured. The material response time should be fast compared with the measurement
bandwidth desired. Finally, for good sensor stability, the material response should be relatively immune to other
environmental effects such as temperature, magnetic fields, vibration, steady-state stress or strain, etc. The Pockels effect in
an electro-optic inorganic crystal’ fulfills most of these requirements.

The EOVT uses the electro-optic effect to intensity modulate an optical signal. In approximately 10% of crystailine
materials, an electric field can induce a change in the dielectric constant of the material which is linearly proportional to the
magnitude of the applied electric field. Thus, for example, the dielectric constant £ = n® (where n is the optical refractive
index) experienced by an optical beam can be modulated by a DC or low frequency electric field. This is the Pockels effect.
The direction of the applied electric field and the direction of polarization of the optical beam must be consistent with the
principle dielectric axes in the crystal to maximize the influence of the applied field on the dielectric constant. In addition,
intrinsic optical linear or circular birefringence in the crystal can restrict the optical field of view in the sensor or the contrast
ratio of the modulated optical signal. A restricted field of view can impose severe requirements on optical lenses used for
collimating and collecting the optical beam. These two requirements limit the number of possible crystal classes which can
be used in an EOVT sensor.

Consider the electro-optic crystal shown in Figure 1a having cubic symmetry ( 4 3m). The change in the refractive index
along the x’ and y’ principle dielectric axes n,., n,. ( which are rotated 45° relative to the crystallographic x and y axes) due
to an electric field applied along the crystallographic z axis (E, =E,=0,E,<E ) is

1 1
n, = n, + Enir“E n, =n, - -2-nf,r“E (2)

where n, is the average refractive index of the material and r,, is the Pockels coefficient. By propagating initially linearly
polarized light oriented parallel to the crystallographic x axis along the z axis for a distance L, the difference in the
accumulated optical phase along the X’ and y’ axes is given by

L
r,= 35’- nir, [E,-df (3)
[}

where A is the free-space wavelength of the incident optical beam. By substituting (1) into (3), I', becomes linearly
proportional to the applied voltage difference across the crystal. A linear polarizer oriented parallel to the x axis creates an
intensity modulation described by

I

c

1 2
== {1+cos (—l’in:ruv,,-..» (4)

where I, is the incident, linearly polarized optical intensity. Since the optical beam integrates the electric field between the
two ends of the crystal, the resulting signal modulation does not depend on the length of the crystal. This important result
allows considerable manufacturing tolerances while maintaining constant calibration factors between sensors. Equation (4) is




an even function centered on V, =0, and is
unsuitable for measuring voltages. By adding
a quarter wave plate to the optical path
between the two polarizers, (4) becomes
sinusoidal. The output signal varies in a
linear, monotonic fashion with varying
voltage, provided Vi << V=z where

V. = is a measure of the

V4

2nlr,,
modulation efficiency of an electro-optic
material.

Table 1 lists the Pockels coefficient ry,
refractive index n, the Vx» voltage and
temperature dependence of n, for a number
of cubic ( 43m) crystalline materials'?. Also
listed are some typical peak-to-peak voltages
present on a power line and the resulting total
peak-to-peak cycles N, for the longitudinal
Pockels cell configuration described above.
A serious difficulty emerges from this table.
None of the common materials listed can
satisfy V., << V=x Other factors influencing
the choice of sensor material include:

E X’
Polarizer
v’ ,/
‘ 50/50
ﬁ;/ Beam Cosine
Splitter Channel
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z
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Sine
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Figure 1. Longitudinal Pockels cells for measuring voltage.

1) High strength and a small stress-optic coefficient are desirable to minimize the effects of thermal or vibration induced

strain birefringence on sensor accuracy.

2) A small temperature dependence of the refractive index is desired to maintain calibration over temperature.
3) A low thermal expansion coefficient ensures that optical alignment is not lost over wide temperature variations.
4) Dispersion of the Pockels constant and the refractive index must be low to minimize calibration errors caused by

changes in the light source spectrum.

5) Low costs for raw materials, ease of crystal growth and machining/polishing complete crystals are required.
6) Reproducibility between sensors from different manufacturing runs places demands on material homogeneity and purity.
7) A high bulk resistivity is required to prevent thermal breakdown at high temperatures (see below).

After considering all of these issues, the ability to control the material composition and purity in a manufacturing
environment, together with reasonable material and processing costs, led us to select (Bi 4Ge;Oy2) for the sensor element.

Material | n, @ A (nm) | Pockels coeff | vV, 1 on, M= Vi / 2V Nyso= Voo 2V
e@ 1 kHz ry (1072 mV) | &V) n, 4T for 161 kV line for 550 kV line
GaAs 343@ 1150 | 1.43 10.0 1.7x107° oK | 13.2 452
=13
Bi,Ge;0y, | 2.07 @ 850 1.03 438 5.0x10° °.K* | 6.0 20.5
£= 16
ZnSe 260@633 |20 9.0 3.9x107° oK' | 29.2 100
£=9
CdTe 2.84 @ 1000 | 4.5 49 53.7 183.7
£=9
GaP 3.10@ 1150 | -1.1 17.5 1.3x10° oK' | 15.0 51.4
=10

Table 1. Selected properties of ( 4 3m ) electro-optic crystals.




In order to preserve the desired line-to-ground
measurement capability of the optical voltage
sensor and provide an accurate representation of
the applied voltage, a nonpolarizing 50/50
beamsplitter can be added at the output of the
crystal, as shown in Figure 1b6**. The transmitted
beam passes through a suitably oriented quarter-
wave plate and linear polarizer to generate a
sinusoidal signal biased at its midpoint with no
applied voltage. The reflected beam passes
through a linear polarizer, creating a cosinusoidal
signal biased at its maximum transmission with
no applied voltage. As a function of applied
voltage amplitude, these two signals are 90° out
of phase with respect to each other; while one signal is changing approximately linearly with voltage, the other signal is
passing through a turn-around point. When the slope of the applied voltage ramp changes sign, the phase relationship
between the sin and cos signals flips by 180°. These two features allow complete reconstruction of the applied voltage. The

Applied Voltage

sin signal SImx = x

VA
Threshold 2 '

Threshold 1

Figure 2. Intensity modulated waveforms versus applied voltage

detected signals are first normalized in amplitude by noting that the average of the sin signal is <] > - Lo and the peak
: 2

value of the cos signal is [I c]p =[_, both of which are independent of voltage. Two threshold levels are used to

eak o’
determine 1) how many cycles have been detected in the sin or cos signal; 2) the sign of dV/dt; and 3) which signal and what
signal polarity to use as the output signal. As shown in Figure 2, an increasing voltage ramp creates a series of sinusoidal
cycles which are tracked by an up-down counter whose direction of count is determined by the relative phase between the
two detected signals. The counter output is then a rough approximation of the applied voltage. The actual sin and cos signals
are used to refine this approximation. Since sinx=~x introduces errors of >10% near the threshold levels, higher order terms in
the Taylor expansion of sin x are incorporated into the design to improve accuracy. All of the computation is performed by a
Field-Programmable Gate Array having a total signal delay of <5 usec.

The temperature dependence of the voltage sensor is a concern when 0.2 % accuracy over a temperature range of -50 °C to
+105 °C is desired. The expected temperature dependence of the device is

on, 1 Iy (5)

ar rgy er

3
V_ dT |A n, dA ry, G4 | T T,

1 av, {L 3 o, .l_é:i}zi_
The first term indicates the effect of a temperature dependent optical source wavelength. The second and third terms define
the effects of the temperature dependent refractive index and Pockels coefficient, respectively. Since all of the materials in
Table 1 have appreciable temperature dependencies, we use a separate temperature sensor at the EOVT sensor location to
electronically compensate the output signal. Electronic compensation is also used for the optical source wavelength variation
with temperature.

Thermal breakdown can occur in materials having a resistivity which decreases with increasing temperature. Under normal
operating conditions, both resistive and capacitive currents flow through the sensor element at 50 or 60 Hz. The resistive
current contributes to Joule heating of the crystal. This heating in turn causes the resistivity of the crystal to decrease,
exacerbating the heating effect. Heat loss primarily by convection through the surrounding gas and radiation to the
surrounding container/environment results in a steady-state operating temperature for the sensor element. Because of the
extreme temperature requirements and the need for a finite size crystal to limit cost and optical beam path length within the
crystal, a high room temperature resistivity is required to rule out the possibility of thermal breakdown. For example, an SF,-
immersed, 10 cm long, 2 cm diameter Bi,Ge,0,, crystal connected to a 170 kV power line must have pgy > 10" Q-cm to
ensure safe operation at 105 °C ambient temperature. This requirement eliminates the use of most visible or infrared bandgap
semiconductor materials because sufficiently high bulk resistivity cannot be achieved.

3.2 Operating principles of MOCT




The Magneto-Optic Current Transducer (MOCT) exploits the Faraday effect in a diamagnetic material to provide precision
measurements of current’. Ampere’s law states that

i- §f.qaf (6)

where 1 is the current enclosed by the loop integral and H is the magnetic field present in the region of integration. A material
for an optical current sensor must therefore modulate an optical beam in proportion to the magnetic field parallel to the beam
path. The Faraday effect in diamagnetic materials provides the desired mechanism. The bound electrons in a diamagnetic
glass interact with an imposed magnetic field by traversing circular paths about an axis parallel to the applied field. The
electron motion results in circular birefringence, the magnitude of which is proportional to the applied magnetic field
strength. When linearly polarized light is incident on a material, the plane of polarization continuously rotates as it
propagates through the material, according to

g= J',uvg(z)- gz %

0

where 0 is the rotation of the plane of polarization after traversing the material, V is the Verdet constant for the material, p is
the magnetic permeability of the material and L is the path length. The total rotation of linearly polarized light encircling a
conductor carrying current i is found by combining (6) and (7), giving &= 4VNi, where N is the number of optical round
trips. If a linear polarizer oriented at +45° to the launched polarization axis is placed after the material, then the resulting
intensity modulated signal can be written

I_= 12—{1 + sin(2uVNi)} (8)

m

where I and [, are the incident and modulated optical signals, respectively. Equation (8) is independent of the geometry of
the optical path inside the material, its distance from the current carrying conductor, or any magnetic fields created by
nearby currents.

Table 2 lists some typical diamagnetic materials which may be used to fabricate optical current sensors’. Listed are the
Verdet constant, the refractive index, the temperature dependence of the Verdet constant, the current required to induce an
optical rotation of +n/10 (approximately the linear range of the sensor), and the stress-optic coefficient. Paramagnetic
materials have large temperature dependent Verdet constants and were not considered for this application.

(aK ) 1i (peak Amps) Stress-optic coeff
Material n, V(%m-T) V 5 T N=1, 6=n/10 C (10” m’/N)
@ Afnm) @A (nm) @ A (nm) @ A (nm) @ A (nm)

Si0, 145@852 | 2.1@633 22x10° @633 68.2 kA @ 633 -3.36 @ 633
1.2 @ 850 119 kA @ 850

ZnSe 260 @633 { 67.6@633 1.4x10* @ 820 2.1kA @633 -

Bi,GeO,, |254@633 |165@633 |28x10°@ 850 8.7kA @ 633

SF-57 1.82@852 | 11.5@ 633 2.8x10* @633 12.5kA @ 633 0.03 @ 589
3.8 @ 1060 37.7 kA @ 1060

SF-6 1.78 @852 | 103 @633 | <0.9x10°@ 870 13.9kA @ 633 0.63 @ 589
3.5 @ 1060 40.9 kA @ 1060

BK-7 1.51 @852 |23 @633 - 62.3 kA @ 633 2.74 @ 589
1.0 @ 1060 143 kA @ 1060

Table 2. Properties of diamagnetic materials (u~yu,) for bulk optical current sensors.




The following factors must be considered when selecting a sensor material:

1} A large Verdet constant is not desired when designing an optical current sensor for utility applications, because very
small load currents (<! Ampere) and very large short circuit currents (>100 kAmpere for >0.1 seconds) must be
accurately measured by the same device.

2) A small stress-optic coefficient is desirable to minimize the effects of thermal or vibration induced strain birefringence
on sensor accuracy. Strain applied to the sensor material can induce linear birefringence with a value An=CP, where P is
the applied pressure and C is the stress-optic coefficient in m*/N. For this reason the leaded glass SF-57 has been used
for optical current sensors because of its low stress-optic coefficient,

3) A small Verdet constant temperature dependence is desired to maintain calibration over wide temperature ranges. |

4) A low thermal expansion coefficient ensures that optical alignment is not lost over wide temperature variations.

5) Dispersion of the Verdet constant must be low to minimize calibration errors caused by changes in the light source
spectrum.

6) Low costs for raw materials and machining/polishing complete sensors is required.

7) Reproducibility between sensors from different manufacturing runs is also required, placing demands on material
homogeneity and purity.

After considering all of these issues, the ability to control the material composition and purity in a manufacturing
environment, together with reasonable material and processing costs, led us to select fused silica (SiO,) for the sensor
element.

4. PRACTICAL ASPECTS OF OPTICS ’
4.1 EOVT

A practical EOVT sensor structure is shown in Figure 3. The optical path has been folded back by a right angle prism located
at the high voltage end of the crystal, halving V_ and allowing the fibers to connect to only the grounded end of the crystal.
One fiber provides light to the sensor, and two fibers provide a return path for the two modulated signals. Optical GRIN
lenses provide collimation and collection of light from 62.5/125 um standard telecommunications fiber. Optical components
and adhesives are selected to be compatible with a wide temperature range and a potentially corrosive, extremely low
humidity environment. Assembly also requires careful attention to the thermal expansion coefficients of all materials to
avoid undesirable thermal stress. Extremely robust bonds are required to ensure sensor survival during lightning impuises.
Since electro-optic materials are piezoelectric, large voltages having high rates of change can induce large amplitude acoustic
modes in the crystal. High frequency radial modes can provide sufficient shear forces to cleave bonds. These acoustic shock
waves also impose intrinsic material strength requirements for the sensor and limit the length to diameter ratio for the sensor.

v s 4

~ &

Figure 3. Schematic drawing of EOVT senser element.

The EOVT is in the process of being commercialized. Due to the limited number of sensors assembled and the limited
number of field trials, the manufacturing issues associated with this technology have not been stabilized. Recently a number
of sub-assembly quality tests have been recommended to ensure a high quality finished product with minimal re-work. The
electro-optic crystal is the ‘Achilles heel’ of the EOVT and quality checks on this critical component were recognized early
in the development phase as being critical to product success. Crystal quality checks include:




1. visual check for scratches, chips, bevels, inclusions, cracks, all of 1

which compromise the integrity of the dielectric withstand oPhaseA(25C)
capabilities of the finished product. gPhaseB (25C

2. measure the resistivity of the cylindrical rod at room temperature. N ER:?: 2 gg 8

3. measure the resistivity of conductive coatings on the ends of the 05 1 iPhase B(s0C) . .. _
crystal to ensure uniformity and correct thickness. 5 APhase C(50C g

4. check the orientation and magnitude of the optical birefringence E - o +
through the crystal to ensure correct crystal alignment. Periodic € I o °©
x-ray Laue images ensure that birefringence measurements % o | A g <
indicate the crystallographic orientation of the sample. 3 L 4 % Q

= i
Temperature cycling performance of the EOVT is still under °0\° 2 8

investigation. A recent temperature run has verified a temperature 05 Lo o

stability of approximately 1.5%/100 °C, which agrees with i

measurements reported’. With a separate temperature sensor for

compensation, the resulting system performance is as shown in Figure

4. This data was recorded by temperature cycling the sensor while -1

maintaining the electronics at room temperature. The sensor was 48 50 52 54 56 58

mounted in a small insulated chamber filled with a slight positive AC Voltage (kV rms)

pressure of SF, gas to provide dielectric integrity up to 50 kV mms.

The test assembly was designed for production use.
Figure 4. Temperature cycling data for the |

4.2 MOCT ‘ EOVT sensor.

The optical path in the sensor material must follow a circular path about the conductor, yet introduce no additional
birefringence into the beam. To accomplish this, the sensor design shown in Figure 5 is used. A block of glass is machined,
finely annealed to remove strain birefringence, and optically polished. A parabolic reflector is used to collimate the optical
beam leaving the optical fiber. The collimated beam passes through a linear polarizer and enters the main sensor block. At
each corner of the sensor block a pair of mirrors deflect the beam 90°, The complementary mirror pair is required to maintain
the polarization state of the light at each right angle bend in the sensor. After making a round trip in the glass, the beam is
passed through a second polarizer and focused by a parabolic reflector onto a receiving optical fiber. The hole in the middle
of the block permits the passage of the conductor through the optical loop formed in the sensor material. Precision machining
of the block is required to maintain accurate alignment between the two 200 um core fibers and minimize insertion loss
variations with temperature.

The temperature dependence of the normalized sensor output (Norm = AC/DC) is given by

o F D w355 ©

which includes the temperature dependence of the Verdet constant, the effect
of a temperature dependent optical source wavelength and the effect of a
temperature dependent circular birefringence 6. The wavelength dependent A

terms are electronically compensated by measuring the temperature of the \
light source. The remaining terms can balance each other by adjusting the

temperature dependent circular birefringence 0 in the optical path between the

two polarizers. This approach can yield temperature compensated sensors 3
with registration variations of <0.3% over a 135 °C temperature span.

The complementary mirrors at each corner of the sensor are coated with a
reflective film to avoid optical losses due to water condensation on these
surfaces. The mirrors must be carefully matched to avoid the introduction of
additional birefringence in the beam path. This sensor typically has an optical

Figure 5. Schematic drawing of MOCT
transducer.




insertion loss of 10 dB, a spectral passband of >300 nm and a sensitivity of approximately I,/1,=2.5 x 10" Ampere™.

The electronics interface to generate a signal representing the primary current must have very good noise performance to
measure small modulations at low primary currents. It must also compensate for intensity fluctuations caused by fiber bends,
vibrations, light source variations, sensor temperature induced insertion loss changes, partial failure of fiber connectors, etc.
This is accomplished by taking advantage of the AC modulation superimposed on a DC background, and the non-reciprocal
nature of the Faraday effect. The light source and detector electronics are designed to operate at the shot noise limit. This is
necessary to accurately measure low currents with high accuracy. Even with this performance, some white noise persists on
the output waveform due to the finite optical power available from commercially available LEDs. The DC background is
electronically normalized, automatically controlling the gain for the AC modulation component. To cancel the effects of
vibration and drift, two counterpropagating signals are sent through the sensor element and detected. The two received
signals have complementary modulation waveforms. By subtracting the two signals from each other, the signal due to the
Faraday effect is doubled in amplitude and any reciprocal optical modulation due to vibrations and drift is canceled. This
approach provides excellent noise immunity under >50 g shock testing.

The MOCT design has been commercially produced for the past two years. The transition from development project status
into commercial production required solving many issues associated with reproducibility, cost reduction of materials
supplied by sub-contractors, streamlined calibration procedures, definition and implementation of routine dielectric tests and
the development and implementation of quality verification processes leading to ISO 9001 certification. Some of these issues
are described below.

Early in the development process the temperature dependence of MOCT sensors varied dramatically, sometimes by >5%/100
°C. These early sensors required a separate temperature measurement to electronically calibrate this error. An early decision
was made to reduce the calibration error by assessing the cause of the temperature errors and systematically eliminating it.
Fine annealing coupled with careful selection of the light source vendor was found to alleviate most of the temperature
variation. As part of the routine calibration procedure, however, a thermal cycling run is performed on each sensor while it is
connected to its corresponding electronics interface. This procedure was instituted as a quality control check to verify
temperature stability, rather than as a means to correct temperature variations in calibration. A sample of the output data from
a temperature run is shown in Figure 6 for three sensors to show the typical variations seen in temperature stability. Recent
manufacturing data indicates that variations of <0.5%/100 °C can be reproducibly achieved.

Optical component cost reduction was targeted as a critical issue for commercial production, while simultaneously trying to
improve sensor quality. This was accomplished by moving to an

optics machining and polishing house with many years of 100.6 + S !
experience machining large quantities of high quality optical CAM: D
lenses and prisms. The coatings applied to the sensor body were 100.4 —
performed on a small quantity basis, and thus were very
expensive. A new coating supplier was evaluated to produce

larger quantities of coatings at lower costs. The final assembly o= 100.2 _:

of the sensor element, a process critical to achieving temperature 5 -

stability and low insertion loss, was brought into the S 100

manufacturing plant to provide better control over product S -
=

quality and cycle time. The light source used was re-evaluated, 99.8 _:
and a more expensive source was selected to provide a higher Tk
optical power loss budget and ‘better sensor temperature

characteristics. Finally, a smaller core optical fiber was selected 99.6 +

to improve vibration induced noise immunity, reduce cabling X A

cost, allow use of high quality FC style optical fiber connectors 094 it bua b
and allow the use of standard optical components in the dual- ' 60 -40 -20 O 20 40 60 80
direction noise canceling electronics design described earlier.

These changes took almost two years to implement, but have Temperature (degrees C)
resulted in a sensor cost reduction of a factor of three over the

low volume sensor cost. Figure 6. Typical thermal data run for MOCT

sensors.




The time and skill level required to calibrate a complete MOCT system was much too expensive during the development
phase of the product. An approach to reduce this cost has resulted in the design and assembly of several calibration stations.
A temperature cycling station has two separate temperature cycling chambers, one for the electronics package and one for the
current sensor elements, which are mounted on a current-carrying conductor bar. The current is measured using a separate,
precision-calibrated CT. A stiff voltage source provides the reference voltage for two NIST-traceable Power Meters, one
using the CT output and the other using the MOCT electronics output. The ratio of the resulting pulse counts over a specific
time interval is a measure of the relative calibration stability of the MOCT relative to the CT. A Labview™-based program
first temperature cycles the sensors followed by the electronics. The collected data from the second temperature run is used
to generate a temperature compensation table which, once loaded into the electronics package, provides a stabilized
temperature performance as verified by a second temperature cycling of the electronics package.

Following this procedure, the sensors are mounted on a conductor forming a closed loop with a high current step-down
transformer capable of generating up to 8 kA rms on a continuous basis. Using the same calibration technique described
above, a series of calibration measurements are made at unity and £0.5 power factor, for a variety of currents from 1 Amp up
to twice the rated maximum current. The calibration is aiso measured as a function of the optical attenuation in the loop. A
correction table based on these measurements provides an electronic correction for the light source drive current.

5. DIELECTRIC AND MECHANICAL STRUCTURE
5.1 Overview of standards and requirements

The MOCT and EOVT concepts can be readily demonstrated in the laboratory. However, transitioning these sensor
technologies into actual products suitable for service on a utility power grid is a difficult undertaking. The IEEE and [EC
standards for conventional and electronic instrument transformers %’ prescribe a number of severe dielectric tests which
require the device to withstand electrical stresses far beyond normal operating conditions. Furthermore, the sensor and
packaging must be designed to survive extreme mechanical forces resulting from weather conditions, seismic activity,
shipping and high-current fauits on the power system. Finally, the current and voltage transducers must be calibrated using
NIST traceable equipment to demonstrate metering accuracy.

Utility customers are traditionally very conservative with regard to new equipment and these practical issues must be
addressed prior to acceptance of the technology. A typical set of requirements are presented in Table 3 for a 345 kV
instrument transformer. Note that the dielectric testing and mechanical standards are essentially the same for a free-standing
voltage transformer, current transformer or combined unit. These specifications were defined by agreement between ABB
and the New York Power Authority for the first prototype 345 kV EOVT units .

The basic impulse level (BIL) is defined for the application by industry standards and is representative of the voltage
transient created by a lightning strike on the power system. The chopped wave has a 15% higher crest value, but the voltage
is collapsed just past the peak by means of an external rod gap in order to evaluate the device response to a fast dV/dt
transient. In contrast, switching impulses are much slower than the lightning impulse waveforms and evaluate the air-
insulated portion of the dielectric envelope under wet conditions. The AC withstand test demonstrates that the device can
survive short-term power frequency overvoltages resulting from system faults. Partial discharge testing is performed
immediately after the withstand test once the voltage is lowered to 120% of the nominal level and serves to identify defects

in the dielectric structure. Seismic and Rated Voltage 345 kV s (line-to-line) => 200 kV rms (line-to-ground)

» mechanical requirements are less BIL 1300 kV peak (1.5 psec rise time, 50 usec to half peak)

rigorously defined and vary between Chop Wave Test 1500 kV peak (1.5 psec rise time, chop at 3 usec )

utilities depending on location. ~ The Wet Switching Impulse | 825 kV peak (250 psec rise time, 2500 usec to half peak)

structure is typically designed to withstand AC withstand 575 kV ms for | minute (line-to-ground)

the cantilever forces resulting from AC Partial Discharge | Less than 5 pC at 120% of rated line-to-line voltage.
hurricane winds acting in concert with Accuracy Class 0.3, + 18 minutes from 90% to 110% of nominal voltage
short circuit forces on the bus to which the Seismic 02g's

device is attached. Mechanical 1500 Ibs cantilever force (pull test)

Temperature Range -30 degrees C to +50 degrees C

Table 3. Standard requirements for 345 kV instrument transformer.




In the context of this paper, all discussions of insulation and mechanical structure will focus upon the EOVT. In the case of
the free-standing MOCT, the sensor element is not electrically stressed and the unit can be mounted on a commercial
insulator column. The combination voltage and current sensor utilizes the EOVT insulation structure to support the MOCT
head in a similar fashion. Thus, the only dielectric challenge for the MOCT is the process of transitioning the signal fibers
from line potential to ground. This will be discussed briefly in the context of the OMU application.

5.2 EOVT sensor element package

Having defined the relevant specifications, implementation of the BGO sensor element may be addressed. The primary issues
are proper grading of the electrical stresses across the crystal and adequate shock mounting of the BGO and associated
optics. Line voltage must be applied between equipotential surfaces on each end of the sensor crystal in order to obtain the
required measurement accuracy. However, to ensure safe shipping and service of the device, the BGO must withstand
impacts from any direction and hence must be mechanically decoupled from the support structure. These requirements are
rather contradictory in nature and ultimately led to a modular approach for both the sensor element and packaging of the
measurement gap. The complete sensor element package consists of the BGO crystal and optical assemblies, mechanical
damping medium, structural insulator and shielding electrodes as illustrated in Figure 7.

Sulfur hexafluoride gas was selected as the dielectric medium in order to combine excellent insulating performance and
material compatibility along with power industry acceptance. SF; is commonly used for high voltage circuit breakers and gas
insulated substation applications and has been very well characterized. Hence, the critical aspects of the sensor module
dielectric design were the BGO crystal and BGO-SF; interface. The latter issue is quite serious given the relative permittivity
mismatches between BGO (§, = 16) and SFs (%, =1) which will cause difficulties at locations where the crystal, gas and
mounting electrodes converge. These so called “triple points” provide significant electric field enhancements by enforcement
of continuity across the material boundaries. In traditional high voltage designs utilizing SF¢ with epoxy insulators, the
worst-case permittivity mismatch is roughly 6:1 and shielding electrodes are employed to ensure that the triple point stresses
are on the order of 20% less than the local electrode surface fields. With the substantiaily higher mismatch of BGO, triple
point shielding factors of better than 200% are necessary for a conservative design.

The use of electrodes mounted directly to the crystal ends was thus adopted in order to provide the best possible triple point
shielding. Electrically conducting clear windows are utilized over the optically active cross sections on each end of the BGO.
The remaining annular regions of the crystal ends are used for bonding to the shielding electrodes using a conductive

adhesive. In this manner, precise equipotentials are defined Connecting High Voitage
across each end of the sensor element and the dielectric domain Wire ———, Electrode
is effectively bounded. As previously discussed, BGO is piezo- \

electric in nature and the correct bonding scheme is essential to
prevent mechanical resonance problems during the application
of impulse test waveforms which can excite frequencies up to 1
MHz. If such resonance is not properly damped, the crystal
ends may delaminate and cause catastrophic dielectric failure.
Note that flexible wires are used to make hard electrical
connections between the main support electrodes and sensor
element electrodes.

Prior known applications of BGO have not utilized the material
as a highly stressed dielectric and virtually no high voltage
design data was available for the bulk material. Early
breakdown tests of very small samples suggest that BGO can
withstand internal electric fields up to 20 kV/mm under
impulse conditions. This limited date provides some indication
of the design stress limit and hence required sensor element
length.  The final component of the dielectric design is the
structural insulator which provides mechanical strength and
ensures precise alignment of the aluminum shielding
electrodes. These parts have been made using both cast

!

Triple Point

7
Ground Electrode

\ Fibers

Figure 7. Illustration of EOVT sensor module concept.




cycloaliphatic filled epoxies and filament-wound epoxy cylinders which are capable sustaining the electrical stresses required
for various BGO sensor lengths of interest. In the former case, properly shaped mounting hardware is cast into the cylinder
ends to provide a means of mounting to the electrodes. The filament-wound cylinders are simply glued to the end electrodes
with a large bonding area employed to provide high strength.

Dielectric design optimization was performed using Flux 2D° for finite element analysis of the electrostatic fields in the
cylindrically symmetric geometry. Following traditional practice, the design stresses were evaluated at the chopped wave
crest voltage (i.e. 1500 kV for the 345 kV device in Table 3) and the BGO bulk stresses were fixed well below 20 kV/mm to
allow for scaling effects. The SF, volume and electrode surface stresses were defined based on a breakdown field of 9
kV/mm/bar (absolute pressure) with a comfortable safety factor for nominal operating pressure. Multiple iterations were
required to optimize the geometry and minimize the amount of BGO required to reduce cost. Most gas-filled devices are
typically equipped with pressure alarms which trip at set points below the nominal level. All designs were based on the
second level alarm pressure below which the unit would be removed from service. For the 345 kV units discussed in Table
3, the nominal operating and second alarm pressures are 60 psig and 50 psig respectively to provide an additional 20% safety
margin.

Shock mounting of the BGO crystal and optics is achieved using a highly purified open-cell silicone foam which does not
outgas. The foam is supplied in sheet form and stamped into the desired annular shapes needed for radial and axial damping.
Note that the optics housings on each end of the crystal are of the same dimensions such that the sensor element is
mechanically symmetric. The acting area and thickness of the foam are defined based on the worst-case design force in a
given direction, the effective mass of the sensor element and the non-linear spring constant characteristic of the foam. In
response to a mechanical shock, the sensor element will act to compress the foam until the knee of the spring constant versus
compression curve is surpassed and a significant restoring force occurs. Ideally, the shock energy should be dissipated in the
foam before the sensor element is damaged by the restoring force of the foam or impact with the main gap electrodes. This
shock mounting scheme has been demonstrated to be exceptionally reliable despite severe size limitations on the amount of
silicone foam used. Sensor element assemblies of various lengths have survived transport despite having received monitored
impacts of greater than 4 g’s.

In the case of the OMU application where an MOCT sensor is mounted on the high voltage terminal of the EOVT, some
provision must be made for transitioning the MOCT signal fibers to ground potential. This problem can be solved in a
number of different ways and several schemes have been proven effective. The most basic approach is to run bare fibers
across the gap in a low field region with a weak tensile force applied to keep them parallel to the module axis. The fibers are
transitioned into the gas gap through small holes with the curved edges to provide triple point shielding. When mechanical
support of the fibers is necessary they can be cast into a silicone rubber support cylinder which is implemented in a similar
fashion. Note that the fibers are run inside the high voltage and ground conductors on either side of the gap.

5.3 Prototype dead tank implementation

The sensor module and measurement gap geometry discussed in the previous section represents only one aspect of the
complete device. A suitable dielectric envelope is required in order to contain the SF,; gas and meet the insulation
requirements for atmospheric air. Furthermore, this enclosure must allow for high voltage connections, high-pressure gas
safety hardware and mounting on a suitable foundation structure. Existing ABB technology for gas insulation substation
components was selected to fabricate the first prototype units for optimal simplicity, reliability and delivery time.

A “dead tank” device is named for the grounded metal enclosure which encloses the voltage transformer hardware as
illustrated in Figure 8. This type of configuration is commonly used for conventional instrument transformers and utilizes a
bushing to transition line voltage into the grounded tank were the measurement device is located. Electrical connection to the
power line is made using a NEMA pad built into the shield at the top of the bushing. The prototype design incorporates a
tapered aluminum pin which mates with the high voltage bushing conductor via a helical contact spring arrangement. This
contact scheme allows for mechanical movement of the bushing without mechanical forces acting on the module assembly.
Note that the support module electrodes in this case require large outer radii to control the electric field between the high
voltage terminal and grounded enclosure. The EOVT module is mounted to the bottom hatchcover plate and assembly is
undertaken using customized lift tables to insert the module into the main aluminum tank from below. A rupture disk
assembly is required on the tank in order to provide a safe path for venting the internal gas if excessive pressure occurs.
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number of practical reasons. Conventional porcelain bushings of the size Line
required are extremely heavy and somewhat vulnerable to chipping during

handling. Furthermore, in a pressurized application, porcelain may generate  Top

shrapnel in the event of a dielectric failure during type testing or service.  Shield

Composite bushings were selected for the prototype EOVT units for a /\f

Modern composite insulators are made using filament wound epoxy shells ™~ Filament Wound
for structural support. The epoxy is covered externally with silicone rubber Epoxy Sheil
weather sheds to control water flow and extend the electrical surface Bushing Silicone
creepage distance under wet conditions. The bushing is mounted to the Conductor Rubber

device using cast aluminum flanges which are glued to the epoxy shell.
This type of insulator is quite safe and will not shatter even when punctured

by an electrical arc at fuil pressure. The bushing and tank share common Shield Throat Shield
SF¢ with the EOVT module and must thus be properly designed to function giecirode

at the corresponding pressure. The most critical dielectric aspect of the Grounded
main structure is the “throat” region where the high voltage conductor  govT o« Tank
penetrates the grounded tank. As shown in Figure 8, an internal grading  Module SF,

shield is required to control both the internal and external electric fields

near the transition. The relatively high internal stresses are easily withstood —_

by the high pressure SFs gas insulation and the external stress peak near the

throat shield actually represents the weakest point. Note that the high

voltage conductor represents a fixed equipotential which effectively

minimizes the external electric fields over most of the bushing length. Figure 8. Dead tank EOVT concept drawing.

5.4 Next generation live tank implementation

The first prototype design was a complete success and provided a basis for cost assessment and reduction. Ultimately, the
main enclosure was identified as a significant portion of the material cost and a more advanced concept was required to make
the technology commercially competitive. Manufacturing complexity dictates that the price of a composite bushing insulator
increases dramatically with diameter. However, the throat region stress levels in the dead tank scheme define a limit for the
minimum insulator diameter which is too costly. This problem coupled with the expense of the tank prompted development
of a “live tank” approach where the EOVT module is mounted directly inside the insulator column. The throat region is thus
eliminated and the requisite air stress design criteria can be met using a smaller diameter insulator shell. A generic design
strategy was adopted such that EOVT systems ranging in volitage class from 115 kV to 550 kV could be fabricated using
optimized common parts with the measurement gap and insulator column length as the only variables.

The sensor module design for the live tank approach is quite similar to that described previously and is impiemented as
shown in Figure 9. Further optimization of the shielding electrodes combined with increased operating pressure allow the use
of reduced BGO crystal lengths for the various voltage ratings. Scaling of the gap to different sizes is readily achieved using
wet filament wound epoxy cylinders which can be bought in standard pieces and cut to length. Elimination of the grounded
enclosure significantly reduces the size of the main electrode shielding radii and the overall module diameter can be reduced
by more than a factor of two. This modification reduces the weight and size of the sensor element package to the point that
direct mounting to the high voltage conductor is possible. Furthermore, the total mechanical moment of the sensor package
and high voltage conductor is small enough that the device can be shipped fuily assembled which was not possible for the
dead tank design. The ground connection to the module is made using a thin-wailed aluminum pipe and helical contact
spring to provide flexibility.

The cost of composite insulators can be dramatically reduced by purchasing in large quantities. However, this poses a
problem when a variety of insulator heights are needed for the various voltage ciasses. This difficulty is overcome by
selecting a standard insulator size for the 115 kV OMU which can be used as the basic building block for the higher voltage
designs as illustrated in Figure 10. The top and bottom end flanges are specified so that any number of these insulators can be
stacked together to obtain the required air strike and creepage distances between the power line and ground for a given
voltage rating. When multiple insulators are used, any mating flanges in the middle of the stack will float electrically with
their potential determined based on capacitive coupling. This feature can be utilized to dramatically improve the external
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Figure 9. Concept drawing of live tank OMU. limiting factor for

the live tank
configuration is the external air stress on the insulator
weathersheds in the measurement' gap region. The stacked
insulator concept has been demonstrated using as many as three of Figure 10. Insulator building block approach for various
the 115 kV standard insulators for voltage ratings up to the IEC voltage classes showing optimal module placement.
420 kV class. In order to achieve 550 kV a larger insulator diameter is required to maintain safe external stress levels.
However, the live tank insulator for this case can be made using standard tooling and is still much smaller and cheaper than
the corresponding dead tank size.
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5.5 Type testing of prototypes

All of the EOVT and OMU units described in this paper have been fully type tested in accordance with IEEE Standard 4'° at
the NEETRAC High Voltage Laboratory affiliated with the Georgia Institute of Technology. The high voltage tests
discussed in the first section were performed to the specified levels under the following protocol:

I. Service voltage < 345 kV: [ full wave lightning impulse, two chopped wave lightning impuises, 14 full wave impulses, AC
withstand (dry) followed by partial discharge measurement, AC wet test.

II. Service voltage > 345 kV: | full wave lightning impuise, two chopped wave lightning impulses, three full wave impulses,
AC withstand (dry), AC partial discharge, 15 wet switching impulses.

All EOVT units were calibrated using a precision NIST traceable wound potential transformer in conjunction with
appropriate volt and phase meters to demonstrate 0.3% accuracy. At present, designs have been successfully type tested for
the following voltage classes:
I. Dead tank => 145 kV, 161 kV, 345 kV and 420 kV.

o
II. Live tank => 115 kV, 138 kV, 230 kV, 345 kV, 420 kV and 550 kV. X
Additional testing was performed on the 345 kV prototype units specified in Table 3 at the IREQ laboratory in Quebec' e
unit was subjected to complete thermal cycling at rated voltage to verify temperature compensation of the EOVT. The
mechanical response of one device was evaluated on a shake table subject to the specified forces. The frequency response
was shown to be nearly identical to that measured for the composite insulator by the manufacturer. Both of these tests were
considered successful and provided further justification for customer acceptance.




6. ELECTRONICS AND INTERFACING FOR METERING/PROTECTION

The user expectations for non-conventional voltage and current sensors are that existing metering and protection applications
will operate with these devices. Furthermore, both conventional and unconventional units should be able to function
together, preferably on an interchangeable basis. Meeting this expectation, without some limitations is unfortunately not
realistic. This is illustrated in Table 4 which compares some of the basic measurement requirements for current and voltage
in each of the applications.

When these requirements are taken together, they represent a significant design problem for the electronics, both from the
aspect of dynamic range and for interfacing to all vintages of utility equipment. While equipment has been designed and
tested which is capable of meeting these requirements, it is generally too expensive to be of practical use. In addition, there
are issues of long-term stability, performance at temperature extremes, signal reproduction fidelity, and the ability to
distinguish between signal and noise which must be taken into consideration.

This topic is too lengthy to be covered in this paper and much of it has been covered in the literature!2'>-14_ Essentially, while
the customer expectation remains, the solution has been to require a modification of the end-use application. On one hand,
this requirement for departing from the norm to accomodate unconventional devices has had the effect of slowing acceptance
and created the need for ficld trials as a vehicle for building a performance history. Conversely, the fact that metering and
protection equipment is undergoing a shift from electromechanical to electronic technology supports the future use of optical
devices.

For metering, the deviation from existing practices with conventional measurement techniques is a lesser problem. There
exists a fully developed market for metering equipment with a rated current of 1.0A. This market is traditionally those
countries that operate under the European standard (IEC) as opposed to the American standard (IEEE/ANSI). With a
maximum operating current level of 2.0A and the low burdens typically presented by metering applications, the ability to
generate these current signals is within the economic constraints of a commercial optical system. Also, while the dynamic
range requirements are not insignificant, they are weil within the capabilities of present current and voltage sensor designs.

Protection requirements are another matter. In this application, both the dynamic range for the primary signals and the
burden requirements for the electronic output presents a situation which is too complicated to be reliable and too expensive
to be practical, if the interface is required to adhere to present IEC or IEEE/ANSI requirements. In the absence of any
governing standards, two approaches have emerged in the short term and one is being considered for the longer term.

In the short term, the only practical solution is to remain with an analog interface and two designs for current sensors have
been offered. The first approach provides a signal voltage interface in the range of 200mV to 400mV RMS at nominal
current with voltages in the range of 10V RMS for fault currents. The second alternative is to output is a low current on
the order of 10mA to 100mA at nominal primary current with a 2A maximum to handle faults. A similar approach has been
taken with the signal processing electronics for voltage sensors. The result is that a modification is required to electronic
relays to allow operation with these low level signals and there is a difficulty in interfacing with older electromechanical
relay designs.

Taking a longer view, the digital interface becomes more attractive as substation technology advances and the issue of
equipment burden is insignificant. While dynamic range is still a challenge, it is within the capability of existing signal

processing technology. The digital [Pavameter - Metering Protection

interface also eliminates the circuitry

required to bring the interface to a | Curent Range = 3 ' 2 ’

robust enough level that it can be safely | 10 tl0 A 0" to 10 A
distributed  throughout a utility oltage Range 80%V . t0120%V 3%V ,om 10200%V
substation. However, one must still | Frequency Range 45Hz 10 65Hz " 0to10° Hz

expect the analog approach to remain |7 A Burden Canabii ; A ”
for a considerable period of time as the pabifity 0TO10 VA 10 TO 10 VA

utility conversion from analog to digital
operations occurs.

Table 4. Voltage and current measurement requirements for metering and
protection.




7. FIELD INSTALLATIONS TO DATE

Over the last ten years a number of EOVT and MOCT sensors have been installed at utility sites in the Americas and Europe
for field trials. Presently, over 150 MOCT units are in service along with 10 of the more recently developed EOVT units.
Since previous papers have described MOCT system performance, we will focus in this paper on the performance of recent
installations of EOVT’s.

The EOVT has been installed at system voltages of 110 kV, 161 kV, 345 kV and 420 kV, with systems soon to be delivered
at 150 kV and 550 kV. Although relaying and protection is an important application for the voltage sensor, most field trials
to date have been targeted for metering applications. In this case, an OMU which combines an EOVT with an MOCT to
optically meter power flow is required. The first utility installation of an EOVT was at 420 kV in a large substation near
Karlsruhe, Germany. A more recent installation at Marcy substation near Utica, NY'S has both MOCT’s and EOVT’s
monitoring a 345 kV power line. This installation has recently been commissioned and performance data will be presented in
a future paper. The single phase 420 kV EOVT has been in operation for more than one year and some data is presented on
the performance of this unit.

The single phase EOVT in Germany monitors a 420 kV line carrying power from southwestern Germany into northern
Switzerland. The device was completely assembled, fully type tested and calibrated against a gas-insulated class 0.3 PT
which was separately calibrated to <0.1%. Following this testing procedure, the device was partially disassembled, shipped
to Germany and re-assembled on site during instailation. An outdoor test bay in this large substation was configured for
installation of the device. The EOVT output, a reference class 0.5 PT signal, the ambient temperature and a time stamp are
recorded in 15 minute increments by an electronic logger designed.and assembled at the University of Karlsruhe. The data
acquisition system has a basic accuracy of 1%, a phase angle accuracy of +1o, and a long term drift stability of 1-2%. The
electronics were installed in a metal hut with a heater to prevent frost buildup in the winter, but no air conditioning was
provided for summer conditions. Because of the data acquisition system’s limited accuracy, the collected data indicates
trends in device performance and cannot be used as an accurate measure of the absolute calibration for the device.

Figure 1 shows the EOVT output error versus the reference PT, plotted against the outside ambient temperature, where each
data point represents an average over one day of data collected in 15 minute increments. The data indicates a slight (<0.05%)
variation in calibration over a 20 degree temperature variation. This small variation suggests that the temperature
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a function of time is indicated in
Figure 12. During this four-
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oC. However, the drift indicated
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uncompensated temperature dependence of the EOVT electronics or  Figure 14., 345 kV EOVT performance vs time.
long-term drift of the optical source wavelength. Given the
magnitude of the errors observed the metering performance of the EOVT has been very good.

A troubling issue with this first EOVT installation is sensitivity to line transients. We have observed an instability in the
EOVT output when the sensor attempts to track high frequency transients normally encountered during switching operations
or lightning strikes which renders the device unsuitable for relaying and protection use. More recent versions of the EOVT
electronics have addressed this problem.

An additional installation in upstate New York is a three-phase set of 345 kV EOVT’s and MOCT’s. A photo of the EOVT
set is shown in Figure 13. These devices have a high accuracy Power Measurement Unit (PMU) collecting signals from
conventional CT’s and PT’s , MOCT’s and EOVT’s. Four separate class 0.3 electronic power meters record power flow to
determine the metering performance using only optical devices or mixed conventional and optical devices. A meter
connected with a conventional CT and PT provides current and voltage references. The PMU has a basic accuracy of approx.
0.3 % and a phase error of <0.1e. A Siemens fault locating protection relay records fault waveforms from both conventional
and optical devices to determine the ability of the sensors in tracking current or voltage transients.

These devices have been energized for almost one year, with the data acquisition system in operation for approximately three
months. Some preliminary data from this installation is shown in Figure 14. The calibration ratio is plotted versus time for a
few hours of recorded data. The calibration error is within the +1.0% allowed when comparing two class 0.3, 3-phase
measurement systems. Temperature performance over a wide temperature range and long-term stability will be reported in a
future paper.
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