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In today’s electrical systems, currents in high-voltage equipment 
are measured using bulky and heavy current transformers in oil- or  
SF6-insulated designs. These use the principle of electromagnetic 
induction to generate a small secondary current, typically 5A or 1A 
nominal at rated current, from a primary current, which then serves as 
an input for protection relays or energy meters. Such transformers have 
represented the state of the art for many decades, and they operate reliably 
under the harsh conditions found in an outdoor substation.

However, besides their size and weight, these 
transformers have a number of additional 
shortcomings, the most important of which 
is that, as a result of magnetic saturation 
and limited bandwidth, the waveform of the 
secondary current is often not a true image 
of the primary current. Over 40 years ago, it 
was recognized that the Faraday Effect could 
be the basis of a new and better, technology 
for current measurement. But it is only in 

the last 20 years that appropriate technology 
has become sufficiently mature to allow it to 
be used as a commercially attractive basis for 
fiber optic current sensor (FOCS) applications. 
The remarkable progress made by the optical 
communications business has provided many 
components that can be re-used for the 
FOCS, including light sources, fiber-optics, 
modulators, and photodetectors.
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Optical current and voltage sensors have found 
significant interest in recent years for use in 
electric power transmission. In particular, 
fiber-optic current sensors have become 
rather mature and are finding commercial 
applications not only in high-voltage systems, 
but also in industry, e.g., in the measurement 
of high direct currents (dc) in the electro-
winning of metals (aluminum, copper, etc.). 
Optical sensors offer considerable benefits over 
conventional instrument transformers. They 
are inherently free of magnetic saturation and 
typically have a measurement bandwidth in the 
range of kilohertz (determined by the data rate). 
Bandwidths in the range of tens or hundreds 
of kHz are also feasible. As a result, fiber-optic 
current transformers deliver a true image of 
the primary current within their measurement 
range, and can also be used for fast-transient 
currents, short-circuit currents, and alternating 
current (ac) with dc offset. Furthermore, optical 
CTs are lightweight and small. It is possible 
to operate them as freestanding devices or 
integrate them easily into other power products. 
Substation footprint and installation costs are 
reduced. Other advantages include enhanced 
safety (no risk from open secondary CT circuits 
or catastrophic failure) and environmental 
friendliness (no oil). Optical current sensors are 
immediately compatible with modern digital 
substation communication, which helps to 
eliminate large amounts of copper cabling.

Modern fiber-optic current sensors have 
been developed for use in electric power 
transmission as well as for the measurement of 
high dc in industrial applications. Fiber optic 
current sensors use light to deduce the precise 
magnitude of current that is creating the 
magnetic field. FOCS designs for high-voltage 
substations include FOCS integrated with DCB 
disconnecting circuit breakers (DCBs), FOCS 
kits for integrating with other high-voltage 
equipment such as gas-insulated switchgear and 
generator circuit breakers, and free-standing 
fiber optic current sensors (FOCS-FS). The 
major difference is that these modern sensors 
now provide direct-to-digital outputs, not the 
analog outputs offered by earlier designs. 
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FOCS DESIGN AND HOW IT 
WORKS
FOCS designs exploit the Faraday Effect, which 
defines that left and right circularly polarized 
waves propagate at slightly different speeds 
when they travel in a medium that is subject to 
a magnetic field. The main components of the 
FOCS are an optoelectronics (OE) module or 
sensor electronics module at ground potential 
and a coil of sensing fiber, which is wound 
around the current conductor (Figure 1)

The OE module includes a semiconductor 
light source and a closed-loop detection circuit 
with a fiber-optic polarizer, an optical phase 
modulator, and a digital signal processor. The 
module sends two light waves with orthogonal 
linear polarization to the sensing fiber coil. At the 
coil entrance, a fiber-optic polarization converter 
transforms the linear waves into left and right 
circularly polarized light waves. These waves 
travel at different speeds through the sensing fiber 
in the magnetic field (caused by the current) as 
a result of the Faraday Effect, and this in turn 
creates an optical phase difference. The waves are 
reflected at the end of the fiber and they retrace 
their optical path back to the optoelectronics 
module, where they interfere at the polarizer.

The signal that results from the interference 
depends on the phase difference and is 
measured by a photodiode. The closed-loop 

control circuit reverses the current-induced 
phase shift by means of a phase modulator so 
that the phase difference of the waves when they 
interfere at the polarizer is always kept at zero. 
The feedback signal to the modulator is then 
essentially an image of the primary current and 
the digital sensor output is derived from this 
signal. A particular advantage of this closed-loop 
detection scheme is that the signal is perfectly 
in proportion to the primary current over the 
entire measurement range. The roundtrip phase 
difference of the two light waves is proportional 
to the number of fiber loops and the line 
integral of the magnetic field along the closed 
path described by the sensing fiber. Geometrical 
parameters such as the coil diameter or the 
position of the conductor inside the fiber coil do 
not affect the signal. Currents outside the coil 
also have no influence.

Operation of the sensing fiber in reflection 
mode has the advantage that the sensor 
becomes immune to mechanical disturbances. 
The mirrored coil end swaps the polarization 
states of the light waves. As a result, vibration-
induced phase shifts cancel each other out over 
one roundtrip of the waves while the non-
reciprocal magneto-optic phase shifts double. 

By appropriately selecting the number of fiber 
loops, the measurement range can be optimized 
for specific applications. The typical sensor as 
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Figure 1: FOCS Configuration
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made for power transmission applications has 
a range of ±180kA. The operating temperature 
range of the sensor head is from below -40 °C 
to 105 °C. The OE module is designed for 
operation in a heated outdoor cubicle. It can 
be operated with three fiber coils in parallel to 
cover all three phases normally found in a high-
voltage installation.

ASCERTAINING ACCURACY 
AND STABILITY
The FOCS system is designed to meet the 
requirements for metering and protection 
in electric power transmission systems 
according to IEEE Class 0.15s, IEC Class 
0.2s, Class 5P, and Class 5TPE. To achieve 
such performance, it is essential that the 
circular polarization states of the light waves 
in the fiber coil are well maintained under all 
conditions of operation and not disturbed, 
e.g., by mechanical stress acting on the fiber. 
Furthermore, the temperature dependence 
of the Faraday Effect (0.7 percent per 100 
degrees C) must be taken into account. 
Techniques have been developed to package 
the sensing fiber in a stress-free manner and to 
inherently compensate for the variation of the 
Faraday Effect from temperature by means of 
the fiber retarder, which generates the circular 
light waves. Figure 2 and Figure 3 graphically 
represent the method of the temperature 
compensation.

INDUSTRY TOPICS

The polarization converter (fiber retarder) at 
the entrance to the fiber coil converts the two 
linearly polarized light waves coming from the 
opto-electronics module into left and right 
circularly polarized waves before the light 
enters the fiber coil. The scale factor (sensitivity 
to current) of the sensor varies with the phase 
retardation ρ introduced by the polarization 
converter in a parabolic manner illustrated in 
Figure 2.

The red heavy curve segment indicates the 
scale factor decreasing at increasing retarder 
temperature, which balances the opposite 
change of the Faraday Effect with temperature.

If the room temperature retardation of the 
polarization converter is set to about 100 
degrees instead of 90 degrees, the scale factor 
decreases at rising temperature stemming 
from the retarder (along the red heavy curve 
segment shown in Figure 2) and just balances 
the increase in the Faraday Effect as shown in 
Figure 3. 

The theoretical scale factor versus temperature 
curve is calculated neglecting bend-induced 
birefringence in the fiber coil. Some 
modifications apply in case of non-negligible 
birefringence.

With these measures, the sensor output 
becomes independent of temperature well 
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less than ±0.1 percent over a range of at least 
from -40 to 85 degrees C without the need 
of an extra temperature compensation using 
additional T-measurement (Figure 4). Even at 
105 degrees C, the sensor coil is still within the 
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requirements of IEEE metering class 0.15 and 
IEC metering class 0.2.

The physical principle and the proper choice 
of materials, coupled with absence of any non-
linear effects, defines excellent predictability 
and the perfectly linear relationship of the 
FOCS signal to the applied current, as shown 
in Figure 5.

FOCS overall system accuracy is independent 
on the measurement current range, so the same 
sensor can be designed and used for protection 
and measuring in the whole dynamic range 
of common power devices. Further on, the 
system measures only the instantaneous values 
of a current; more precisely, it is measured 
average current during 700-800 nanoseconds 
without any effects of the current history curve. 
Therefore, the same system can be used for 
measurement of ac and dc currents, as well as 
for ac with dc offset.

MEASURING DIRECT 
CURRENT FROM 
GEOMAGENTIC 
DISTURBANCES
The fiber optic current sensor was originally 
designed to measure direct current. 
Applications included current measurement 
for process control and protection in the 
electrowinning industry, for example at 
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Figure 4: Sensor Output
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aluminum smelters. The ability to measure 
direct current (dc) is very important for 
transmission utility alternating current (ac) 
application. The North American Reliability 
Corporation (NERC) has introduced TPL-
007, which requires bulk power transmission 
and generation owners to monitor the effects 
of geomagnetic disturbances (GMDs). The 
disturbances, a result of our sun’s solar flare 
activity, produce geomagnetic induced currents 
(GICs) coupling to utility transmission lines.

During a GMD event, the GIC into the 
transmission line could impact the large power 
transformer because the dc coupled with the 
GIC causes the transformer to have hot-spot 
heating that leads to damage. These loose, 
reactive power sources increase the reactive 
power demand, which may lead to system 
voltage collapse and potential blackouts.

NERC TPL-007 requires asset owners to 
perform vulnerability assessments of their 
system to be able to a benchmark a “1-in-100-
year” GMD event. One common solution to 
address this measurement is to apply Hall-
effect sensors to the neutral on large power 
transformers at risk. However, the neutral 
dc measurement does not represent the 
actual transmission line direct current and is 
inadequate for autotransformers.  

Deployment of the FOCS will allow a 
precise measurement of both the ac and dc 
measurements on the transmission line per-

phase currents.  The extraction of the per-phase 
dc line current can be used to not only measure 
the amount of line current, but also drive an 
automated mitigation scheme that assesses 
transformer impact and identifies the required 
reactive power to stabilize the impacted large 
power transformer.  The combination of the 
FOCS and a modern substation protection 
and control device measures and extracts the dc 
value that is delivered to the utility operation 
center via a SCADA protocol or pay loaded 
into the synchrophasor measurement unit 
(PMU) data for proactive mitigation or long-
term profiling.

Figure 6: GMD Produced from Solar Flares

Figure 7: This large power transformer could be impacted by 
GMDs produced from solar flares.
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Improvement in fiber-optic current sensors and 
integration of standalone merging units also 
provides utilities and engineering firms with a great 
tool box for the future deployment of this maturing 
technology.  For retrofit applications, the possibility 
of installing the new process bus system in parallel 
with the existing system will allow the substation to 
remain in service during the main part of the work. 
This will be a big advantage, reducing outages to a 
minimum during the retrofit.
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LOOKING AHEAD
FOCS technology will serve as a platform for 
other high-voltage applications. The variable 
diameter of the sensing head allows the sensor 
to be easily adapted to high-voltage equipment 
such as gas-insulated switchgear (GIS) or 
generator circuit breakers. By choosing 
the fiber loop number appropriately, high 
accuracy can also be achieved at low currents, 
e.g,. in zero sequence current measurements. 
New or improved substation protection and 
monitoring functions may follow from the 
fast response of the FOCS and its precise 
measurement of both ac and transient dc.

Using FOCS in high-voltage substations means 
the measurement is digitized right at the source 
and transmitted as a digital signal, via the 
process bus, to the protection and control IEDs, 
as well as the revenue meters. This eliminates 
copper runs from the substation back to the 
control room. Coupling the benefits of fiber-
optic current sensor solution with direct-to-
digital capability will facilitate the development 
of digital substations and enable the grid 
to get smarter. New FOCS designs address 
demanding performance requirements for 
accuracy across a wide temperature range. It is 
inherently free of magnetic saturation, making 
it ideal for capturing fast-transient currents 
and short-circuit currents. The compact design 
helps achieve reduced substation footprint, as 
it requires much smaller space compared to 
conventional instrument transformers. It is also 
an eco-efficient solution that uses no oil or gas, 
eliminating the risk of explosion.

CONCLUSION
FOCS is one of a range of unconventional 
instrument transformers (NCITs) that can 
make substations entirely digital. These NCITs 
have to be every bit as reliable as the equipment 
being replaced — and they are. Over the past 30 
years of real work experience, companies making 
optical sensors have gained a unique perspective 
of how to make these systems more reliable.  
Extensive use of NCITs makes a substation 
simpler, cheaper, smaller, and more efficient.

INDUSTRY TOPICS
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