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Digital Substation Evolution through
Optical Transformer Revolution
There might be light in digital instrument transformer technology
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DIGITAL SUBSTATION
DIT
INSTRUMENT TRANSFORMERS

Despite their initial conception and development over more than a
century, today’s conventional instrument transformers are still
delicate to build, and a complex industrial process is required to help
ensure their quality. Optical sensors represent a breakthrough new
technology offering several signiﬁcant beneﬁts. This article features
the incremental innovations contributing to smarter digital voltage
and current substation metering solutions for HVAC applications.
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100 kV CMOs installed at Poste Intelligent – Blocaux (RTE),
an interconnec on substa on 220 kV / 90 kV, located in North of France

When asked to deﬁne innovation, most people think about inventing
completely new products. In the modern economy, it involves far more
than that. Often, innovation is achieved by looking at new ways of
combining and improving existing technologies.
This is equally true for CTO, VTO, and CMO optical low power instrument
transformer voltage and current sensor technology. May we remind
ourselves of the physical phenomena used in each of these devices
discovered, respectively, in both 1845 through the well-known “Faraday
Effect” by Michael Faraday (Great Britain), and in 1893 thanks to the
acclaimed “Pockels Effect” developed by Friedrich Carl Alwin Pockels
(Germany).
Each of the afore-mentioned optical effects governing the interaction of
light with electrical quantities could theoretically have been used by
engineers during both of those time periods. The CTO could have been

invented 175 years ago, and the CMO, 125 years ago. However, using
these compelling optical properties for measuring currents and voltage
would have required several key additional innovations before they could
have become industrialized. Still today, further innovations are under way
to advance the performance of these technologies, in order to help meet
increasing customer speciﬁcation demands.
For example, consumers had to wait for the invention of “optical ﬁber”, in
the second half of the 20th century, combined with “opto-electronic”
components, to transform the way electrical signals could be transported
with light emissions, and vice-versa. The modern application of ﬁber
optics has extended, much more recently, to advances in digital electronics
and signal processing technologies.
It is remarkable to observe how old optical principles from the 19th
century could still be utilized today in metering device development for
today’s most advanced substation technology, known as the “digital
substation”, after almost 200 years.

1_What are CTO, VTO, and CMO?
Each of these devices are “instrument transformers” that use
“optical sensors” as the sensing medium to realize current and
voltage measurements from the high voltage line in the
substations. CTO stands for Current Transformer Optical unit; VTO
is the acronym for Voltage Transformer Optical unit; and CMO
refers to a Combined (current and voltage) Measurement Optical
unit. Each of these measurements represent the conventional set
of voltage and current metering devices that power utilities
require, depending on the substation architecture and network
protection conﬁguration.

Instrument transformers must fulﬁll the speciﬁc task of providing
accurate voltage / current measurements to secondary lowvoltage electronic devices, including protection systems, meters,
and all other substation control equipment. They must withstand
high voltages and currents in a range of conditions, including
fault conditions. Instrument transformers must also provide
complete isolation from the HV line to ground.
Despite their initial conception and development over the course
of more than a century, the conventional instrument transformers
of today are still delicate to build, and a complex industrial
process is required to help ensure their quality. Insulation based
on oil-paper or gas (SF6 or others) remains a primary challenge
to overcome. In addition, modern transformers will continue to
have some measurement limitations due to the unique nature of
their technology; for example, their reliance upon an iron core for
the CTs, and the presence of ferro resonance phenomena and
thermal overstressing for VTs, (i.e. CVTs).
Optical sensors represent a breakthrough new technology offering
several signiﬁcant beneﬁts. As illustrated in previous articles, they
outperform conventional measuring transformers across a variety
of areas, including: ease of optical ﬁber installation; compactness
and lightness; improved safety; enhanced performances in
transient overvoltage and overcurrent conditions and ease of
manufacturing with reduced inventories. Moreover, considering
the losses generated by copper wires for signal transmission over
long distances, LPITs using optical ﬁbers offer major beneﬁts. This
main advantage opens the technology to new applications where
measurement points need to be far away from remote processing
electronics. It is also the case for differential current measurement
applications when the electronics are located on only one side of
the substation.

In addition, CTO, VTO, and CMO are “DITs” (Digital Instrument
Transformers), previously known under "NCITs" (non
Conventional Instrument Transformers). This means that they are
associated to the electronic transformation of optical signals in
digital measurements (sampled values) that are directly usable by
digital IEDs (Intelligent Electronic Devices) in digital substations.
As mentioned previously, though these new devices are
performing the measurements, their main difference from
conventional instrument transformers is that they are not
“transformers”, electrically speaking. So, they cannot provide
low-voltage analog output to secondary devices. It was a major
handicap that slowed down the commercialized application of
digital substations for many years.
In the IEC 61869 standard that covers the domain of instrument
transformers, they are known under the ofﬁcial term: “LPIT”,
standing for “Low Power Instrument Transformer”. This term
includes all sensing technologies that are different than
conventional based ones. These LPITs are not able to provide 5 A
and 100 V analogue interface on certain protection burdens. This
is the main reason why this new optical technology had to wait
for digital communication standardization for at least 10 years, to
interface with all existing protection types, meters, etc.

2_Digital Standard IEC 61850, a crucial technology
enabler for optical sensor use
Modern sensors, like CTO, VTO, and CMO, with their inseparable
merging units and intelligent electronic devices (IEDs), including
protection and control relays, must be connected to communicate
both within the substation, and with the greater grid system at
large (i.e. AC and DC substations, and their integration in future
HVDC grids). For many years, insufﬁcient standardization,

proprietary communication protocols and insufﬁcient return-oninvestment slowed down the emergence of a full digital
substation. Today, IEC 61850 standards make it possible to
facilitate interoperability between all equipment and suppliers.
IEC 61850 is the international standard for ethernet-based
communication in HV substations. It is more than just a protocol;
it is a comprehensive standard made for utilities to help deliver
complete functionality that is not supported in legacy
communication protocols. IEC 61850 allows for the full digitizing
of metering signals in substations that are necessary for the large
amount of data to be communicated in real-time. This includes CT
and VT measurements, the required protections, energy metering,
etc. Introduced in 2004, the standard has become increasingly
accepted around the world, and is the reason for the evergrowing pace of optical technology advancements.
Along with renewed interest in optical technology across the
industry, there has also been a resurgence of CTO, VTO, and CMO
technology. This effectively re-emerged with a small industrial
deployment in the nineties, for metering applications in the US
with IPPs (Independent Power Producers) using analogue
connections. No protection application was acceptable due to the
lack of input/output signals’ standardization. A few pilot
experiments were deployed, but it quickly became evident that
analogue signals would not be the right choice for interface, even
with ampliﬁers.
Thereafter, the ﬁrst proposals for digital interface usage began,
with each vendor solution presenting its own take on the matter.
It took some time to set up an initial inter-vendor working group.
During CIGRE 2004, the ﬁrst interoperability demo, with a
protocol following the application guideline for IEC 61850-9.2,
was presented. This guideline became known as IEC 61850-9-2

LE (for Light Edition), reﬂecting the fact that it was only a ﬁrst
example of the digital frame format. It took another decade to
establish a more robust, published IEC standard, described today
as the instrument transformer convention - IEC 61869, part 9.
This contemporary benchmark is of course now also seen across
several HV substation protection & controls vendors offering
solutions with complete IEC 61869 standard compatibility.

3_What are the main innovations in these new
LPITs?
Let us start from the very beginning. We must begin by
establishing a clear distinction between current sensors and
voltage sensors which are much more complex to manufacture.
For current sensors, we are looking for a physical optical effect
capable of translating the ﬂow of a current in a conductor. A
ﬂowing current induces a magnetic ﬁeld, which the Faraday effect
(or magneto-optic effect) describes as the interaction of a
magnetic ﬁeld in a transparent optical medium. The magnetic
ﬁeld modiﬁes the electrons’ path within the medium and causes a
polarisation change of the crossing light beam. The theory
illustrates the way the light beam acquires a simple rotation of
the linear polarization input state.

Michael Faraday's laboratory in London
This effect, discovered by M. Faraday in 1845, was the ﬁrst real
evidence of interactions between magnetism and light. We must
also note that Faraday discovered the “induction” phenomena in
1831, and it took at least 30 years to get to the ﬁrst
“electromagnetism” theory by J.C. Maxwell.
An additional 20 years were required for H. Hertz to produce the
electromagnetic waves theory, ﬁnally demonstrating that light
can be inﬂuenced by an electromagnetic wave, which in turn can
interact with the electron path in atoms. The Faraday Effect was
discovered in 1845 but was modelized mathematically for the ﬁrst
time 50 years later by the classical “model of electron-linked
elastically” in the theoretical atom model, given by Thomson in
1897.
In addition, according to electromagnetic theory, a current ﬂowing
in a conductor produces a magnetic ﬁeld. If we can make a

summation of this ﬁeld all around the conductor with one or
several closed loops, then we can obtain a value proportionate to
the current. This well-known law, the “Ampere theorem”, must
be adhered to for all current sensor speciﬁcations, including both
conventional and optical sensor technology.
Using Ampere’s law provides a current measurement independent
of:
other nearby, non-encircled conductors with circulating currents
the position of the conductor in the integrating closed loop
the variations of the loop’s geometry, vibrations, and thermal
expansion
There are two main categories of technical optical solutions
capable of obtaining a closed loop around a conductor. We will
focus here on the one called “Ring Glass” technology using a
plate of glass as a solid element drilled with a hole for the
conductor, with machined and polished edges made to reﬂect the
light internally and create a closed loop around the measured
conductor. This glass piece is known as “The Ring-Glass”, or RG.
The ring glass technology is applied to the CMO, CTO and VTO
product range dedicated for intelligent AC substation.

Ring-glass technology applied to CMO, VTO and CTO LPITs
The choice of the ring glass solution for AC digital substations was
made for various reasons, including:
ease of manufacturing and industrialization (construction,
mounting): today the ring glass can be made entirely through
automatic machining centers, enabling ample production
quantity and low prices
use of multimode components, simplifying and reducing the
costs of commissioning (simple ST connectors, multimode cables
with large core ﬁbers, etc...)
ease of electronics’ make and signal processing
ultimately, lower costs, quick delivery time, and reduced outage
for commissioning.
The ring glass solution is the result of long-term studies and
several small innovations, to achieve optimal performance
speciﬁcations, including:
quality-control of the ring glass piece
development of test benches for component alignment
the ﬁbre holders (called a “pigtail”) for attaching the ﬁbre to the
RG
effective packaging without constraints on the glass, the ﬁlters,
etc…
By using this sensor principle, the development of a stand-alone
device capable of measuring currents in high voltage networks
from 72.5 kV to 800 kV is possible.
One single CTO phase unit includes a head with one or several
optical sensors, all linked to the processing electronics by optical
ﬁbers. A stand-alone HV insulator isolates the sensors from the
ground.

Schematics of the CTO

With respect to voltage sensors, the optimally sought outcome is
a physical optical effect capable of translating the electric ﬁeld,
afforded by the difference of potential between the HV line and
the ground.
Moreover, the “Pockels Effect” is an electro-optical effect that
translates the inﬂuence of the electric ﬁeld within a transparent
crystal. In a solid crystal, transparent to light, electron clouds
become small orientated dipoles along the electric ﬁeld lines.
Density variations within the medium leads to a “linear
birefringence”, which modiﬁes the polarization state of a
monochromatic light beam.
A range of sensitivity levels can be obtained through use of
varying crystal types, thanks to their crystalline orientations with

respect to light polarization and the direction of electric ﬁelds.
Several years of research and adaptations to numerous
technology innovations have led to the present speciﬁcation. As of
today, Grid Solutions is one of the only optical VT providers in the
industry. In addition to the “Pockels Effect” electric ﬁeld
sensitivity, the signal between the two potentials must be
integrated to obtain a true voltage measurement. It is something
equivalent to the Ampere law, as well as the Maxwell equations.

Schema cs of the VTO

This application of electric law requires us to maintain a
measurement system connected between the high voltage part of
a device to the ground. It’s important to note the fact that the
optical technology at hand cannot attain the requisite length of
crystals that are required by the line voltage (about 1-meter air
distance for every 100 kV). Consequently, a voltage divider must
be used. The choice of using this “smart” capacitive divider has

been an important innovation within the VTO device. The smartdivider is stable with respect to temperature, with long-term
reliability and safety.
For CMO, one new advantage is the ability to provide combined
measurement (current and voltage) very easily, without complex
electromechanical parts.

Schema cs of the CMO

The CMO is a combination of the CTO and VTO devices. This
requires managing the ﬁbres’ path in the insulator beside the
capacitive divider and providing a reliable insulation system to
support all dielectric requirements, as deﬁned in the IEC 61869
Standard. Here again, several innovations have been proposed to
avoid the use of dielectric oil or gas in the device. This industry
challenge led Grid Solutions to master dielectric gel injection,
which is a major component for building and helping to ensure

the reliability of the CMO in the long-term.

4_Electronics and signal processing
Electronics and signal processing is by and large the most
innovative area to have unfolded in the ﬁeld over the last
decades. Indeed, this optical technology could not exist in its
current state without modern electronics performing the main
functions, including:
circulating light management (emission, reception)
the transformation of optical signals into digital words
very accurate signal processing
communication to IEDs according to International Standards,
facilitating the function of gathering several signals to transmit
in a full digital frame.
This last function of the processing electronics has been called the
“Merging-Unit” and was deﬁned in the early 2000’s. Today, the
physical XMU-860 is the device proposed for a complete 3-phased
system for this new LPIT family, including 3-phased current and
voltage measurement sensors. The XMU-860 device interfaces
optical sensors of the instrument transformers with different user
equipment providing current and voltage measurements from
these sensors. After processing, these measurements are
transmitted to users in the form of a digital frame, in accordance
with IEC 61850-9-2 or IEC 61869-9.
A Human/Machine Interface (HMI) is also available to set all
given parameters to the six optical sensors, three for the currents
and three for the voltages, treated in parallel within the XMU
Device.

If a customer needs redundancy in the system, to feed a
redundant protection system, then a second set of XMU-860
sensors can be installed. Several complete technical manuals and
other documentation are given with the CMO-XMU system for
parametrization and commissioning the entire installation in the
substations.

XMU-860 Electronics - System architecture with XMU-860 for
one main channel of measurement

5_The future of air-insulated digital HV substations
with LPITs

After several decades of development, improvement, and
innovation, this technology is currently being industrialized.
Several Utility companies already tested these products in 2018
within their network. Initial ﬁeld results of these ﬁrst operational
installations were very positive and led us to further enhance the
conﬁguration. A larger deployment is now expected in 2019,
beginning with the next digital substation deployed by RTE called
“Merlatiere Project” in France. Some other customers are also
ready for a larger deployment.
Industrialization efforts are currently underway for the CTO, VTO,
and CMO in 2019, to launch the production and
commercialization of these advanced voltage and current devices
for Digital Substations for up to 765 kV applications.

CTOs, VTOs, and XMUs installed in Scotland at Wishaw Substa on 275 kV Newarthill Circuit 1 – SPEN
(Sco sh Power Electricity Networks, Scotland, UK)

6_There might be light!

Since 1845, humans have dreamt of controlling electricity using
light. 2020 might be the year where this comes to full fruition,
through the advent of CMO technology and optical ﬁbers for
transporting “analogue” and “digital” signals for digital
communications in HV Substations. These future digital
substations eliminate the need for endless copper wires, now
replaced by optical ﬁbers, operating more safely, efﬁciently, and
effectively with better availability, at lower cost, and with lower
environmental impact.
See a complete description of the digital substation and its
beneﬁts here.

RATE THIS ARTICLE

COMMENTS

SIGN UP FOR OUR NEWSLETTER

LEARN MORE
EXPERTS
Denis Chatrefou
Digital Substation Director

SEND A MESSAGE TO OUR EXPERTS

CONTACT US _

LEGAL NOTICE _
COOKIES _

PRIVACY _

