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The invention relates to a Faraday optical current sensor with polarimetric detection.
The present invention further relates to a method of calibrating a current sensor

system including a Faraday optical current sensor.

The power industry has a need for monitoring transformer stations for power surges
and measurement of large current pulses. For these purposes, a Faraday Effect
current sensor has several advantages. A Faraday Effect current sensor may be
constructed from dielectric materials, which is of grave importance when measuring
at high currents in the presence of substantial electric magnétic interference. |
Faraday Effect current sensors may employ a coil of an optical fiber or a number of
optical fibers, formed of a material exhibiting the Faraday Effect in response to a
magnetic field generated by an electric current. A number of prior art patent
publications describe Faraday optical current sensors, such as the US publications
US 4,894,608, US 5,051,577, US 5,486,754, US 5,811 ,964, US 6,043,648, all of

which are hereby incorporated in the present specification by reference.

Ina Faraday effect current sensor, the polarisation plane of a polarised incident light
undergoes a rotation, which is a function of the magnetic field created by the electric

current to be measured.

The current to be measured can be determined by determining the angle of rotation
of the polarization plane of the light on output of the optical sensor. When the light
passes through a glass rod the light undergoes a rotation. The angle of rotation may

be described by the formula:

[ =VxBxd

Where B is the angle of rotation, d is the length of the sensing element, V is the
material constant of the glass rod named Verdets constant and B is the magnetic
field described as a vector. The Verdet constant is both temperature and

wavelength dependent.
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In a Faraday Effect current sensor, a light source generates light, which is passed
through a polarisation filter or otherwise polarised prior to travelling through the
magneto-optical sensitive material. The polarised incident light undergoes a rotation,
which is a function of the magnetic field created by the electrical current to be
measured. The current to be measured may be determined by metering the angle of
rotation of the polarisation plane of the light at the output of the Faraday optical

current sensor.

The fiber optic current sensor including the light source and detector is sensitive to,
among other things, optical noise in the detection circuit, electrical noise in light
source, interference from magnetic fields from nearby inductors and systems,
sensor mounting and setup, conductor shape and diameter, sensor production
tolerances, temperature effect on Verdets constant, temperature effect on light
source and detector, light source and detector degradation over the products

lifetime

The determination of the current to be measured is subject to a number of sources
of error. Any system based on optics or electrical circuits are sensitive to noise and
other signal degradations, such as optical noise or interference from electro-
magnetic sources. A system comprising a light source, a light detection unit and an
optical conduit such as an optical fiber may suffer loss of sensitivity due to optical
dampening caused by defects in material used to form an optical conduit or device
such as lenses or optical fibers. Light sources and light detection circuitry may be
exposed to electrical noise or interference from magnetic fields from nearby
inductors or systems alternatively noise caused by fluctuations in the power supply.
Also environmental conditions such as temperature have an effect on material
properties such as Verdets constant and also an effect on the noise generated in
the light source and in the light detection circuitry. Furthermore, all electrical
components and light sources and light detection elements suffer degradation over
time. All the factors mentioned above contribute toya reduced precision of the

measurements performed by the system.
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A calibration prior to commencing'measurements and monitoring of a transformer
station by using a Faraday optical current sensor is contemplated to give a more
precise determination of the current in the electrical conductor. Furthermore, a
precise measurement depends on having a stable light source outputting a cdnstant
amount of light, alternatively determination of the change of the intensity of the light
from the light source as well as light intensity changes caused by temperature

variations.

A system for monitoring a transformer station may be fitted with a data collection
and data transmission unit for fransmitting the collected daté to one or more
computers monitoring a number of transformer stations. These communication units
may be constituted by wireless connections or fixed connections such as
POTS/PSTN networks. The communication from the measurement system mounted
in the individual transformer stations to a central computer may include information
on average loads, current peaks, actual current for the high voltage current lines,
energy direction, maximum currents, actual voltages, ambient temperature and time
stamps for all the above-mentioned information. Furthermore, the measurement
system may include an alert function for alerting an operator in a power supply
company about situations where the peak current is above a given maximum
threshold, alternatively below a minimum threshold, a situation where the voltage is
above maximum threshold, alternatively below a minimum threshold or other
information such as ambient temperatures being out of range, all of which indicate

some failure or fault in the transformer station.

The communication unit further provides the opportunity of performing a remote
configuration of the system, giving an operator the possibility to configure the
system, e.g. defining levels for peak currents, voltage drop out levels, time out

values and alerting options.

The system outlined above may also be employed in industries such as windmills or
in power plants such as coal driven or nuclear plants and is not limited to

applications in transformer stations.
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The present invention also relates to a method of measuring high voltage current in
electrical conductors, said method comprising:

providing a light source, said light source being an LED based light
source, alternativeiy an incandescent light source,

providing a first optical conduit being a first optical fiber, said first optical
conduit conducting light emitted from said light source,

providing an optical electric current measurement device comprising:

a housing defining a first open end and a second open end opposite
said first open end,

a first sealing means having an aperture, said first sealing means
having an overall geometrical configuration corresponding to the overall geometrical
configuration of said first open end of said housing, said first sealing means further
comprising an aperture adapted for receiving said first optical fiber,

a first fixture means for fixating said first optical fiber,

a first optical lens having a reception part adapted for receiving said first
fixture means for mounting said first optical fiber in optical continuation with said first
optical lens, said first optical lens mounted in said housing,

a first polarisation filter mounted in said housing in optical continuation
with said first optical lens,

a glass rod received in and encapsulated within said housing in optical
continuation with said first polarisation filter, said glass rod being constructed from a
material having magnéto-optical properties,

a second polarisation filter mounted in said housing in optical
continuation with said glass rod,

a second optical lens mounted in said housing in optical continuation
with said second polarisation filter, said second optical lens adapted for receiving a
second fixture means, ,

a second fixture means for fixating a second optical fiber, said second
fixture means received in said second optical lens,

a second sealing means for sealing said second end of said housing,
said second sealing means having an aperture for receiving a second optical fiber,

said second sealing means mounted in said second end of said housing end, and
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a first and second lid adapted for fixation to said first and second end,
respectively, of said housing, said first and second lid including an aperture for
receiving said first and second optical fiber respectively,

said optical electric current measurement device receiving said light
from said first optical conduit,

a second optical conduit being said second optical fiber, said second
optical conduit receiving said light emitted from said optical electric current
measurement device,

providing a detection means for detecting said light emitted Afrom said
second optical conduit and converting said received light to an electrical signal,

providing a processing means for processing said electrical signal from
said detection means,

providing a current measurement system for performing calibration
measurements for said system, and

providing a first communications means.

The calibration may be performed to eliminate signal degradations, e.g. cauéed by
worn or damaged components, and may also compensate for interference from

other sources emitting electrical fields, such as other electrical cables.

When the sensor is placed on a specific electrical cable of a plurality of electrical
conductive cables, the system may perform a calibration so as to eliminate the
influence from the remaining part of the plurality of electrical conductive cables

and/or other electrical conductors.

The calibration is performed when the system is first installed, and is consequAentIy

able to compensate for device or component degradation.

The present invention further relates to a method of calibrating a system for
measuring high voltage current in electrical conductors, the method comprising:
providing an electrical conductor carrying high voltage current,

providing a light source,
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providing a first optical conduit defining a first and a second opposite
end, said light source connected to said first end of said first optical conduit, said
light source emitting light into said first optical conduit,

providing a Faraday current measurement device defining a first and a
second opposite end, said first end of said Faraday current measurement device
connected to said second end of said first optical conduit, said Faraday current
measurement device receiving said light from said first optical conduit,

providing a second optical conduit, defining a first and a second
opposite end, said first end connected to said second end of said Faraday current
measurement device, |

providing an optical detection means for converting said light to an
electrical signal, said optical detection means connected to said second end of said
second optical conduit,

providing a current measurement system performing a measurement of
the current in said electrical conductor,

performing said measurement of said electrical current in said electrical
conductor, said system for. measuring high voltage current in electrical conductors

calculating a calibration constant, removing said current measurement system.

Preferably, the method of calibrating a system, further comprises:

said system for measuring high voltage current in electrical conductors
periodically, alternatively aperiodically, recalculating said calibration constant by
measuring the AC and DC components of said electrical signal, thus increasing
measuring accuracy of the system significantly.

According to a particular aspect of the present invention, the method further
comprises the steps of initially determining the DC component of said optical signal,
then periodically determining the DC component of said optical signal,

determining the actual AC component by multiplying the measured AC
component with the ratio of said initially determined DC component and said

periodically determinated DC component.



10

15

20

25

30

WO 2006/053567 PCT/DK2005/000737

7

The method according to the present invention is preferably implemented using the

Faraday current measurement device also according to the present invention.

The apparatus according to the present invention is a cost-effective, modular
system for remote

— Supervision

— Control and

— Condition monitoring

of medium voltage (MV) and low voltage (LV) power distribution networks. The
system is here after named “the system”

The system is designed for installation in existing and new MV/LV stations.

The system also provides a platform for future applications. Examples are condition
monitoring of power transformers and detailed power quality supervision.
Herein is described features of a system including the apparatus according to the

present invention.

The system provides the control center operator with reliable information from the

MV/LV stations, both under normal conditions and during outages.

MV and LV current measurements are made using compact optical sensors with
non-conductive fiber cable connections to a current measuring module. This
enables the use of the sensors in all types of stations and equipment; e.g. existing

open-air stations as well as modern compact switchgear.

The system also features modules for LV voltage measurement, fuse supervision,
battery charger control, battery condition monitor and GSM-communication with the

control center.

In addition to this, other binary and analogue values in the station may be
monitored; e.g. transformer temperature.
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During normal operation the system calculates voltages, currents, active and

reactive power in all bays and transmits them to the operator on request.

In case of a MV short circuit, the system calculates the short circuit current, the fault
direction and the electrical distance to the fault. These values are relayed to the

operator immediately for fast fault location.

The operator may also use the system for remote operation of controllable breakers
/ switches for fast fault isolation and power restoration.

Breaker positions are continually monitored and relayed back to the operator.

The system has been designed with focus on:

Versatility

— For use in new and existing MV and/or LV stations of different Iayout

— Systems cén easily be customized to the specific application, thanks to the
modular design |

— Does not require any current or voltage measurement to be present in the station

— Has a broad range of supervision and control functions for fast fault localization,
fast power restoration, data collection for planning purposes and optimal every-
day operation

— Handles different MV grounding principles (arc-suppression coil, isolated neutral,
resistance grounding) | /

Ease-of-installation and use

— Space requirements for system modules and sensors are small to allow
installation in compact stations with modern compact switchgear

— System may be installed on ring main units (RMU) without interrupting of
customers

— Safe and fast interconnection of modules using integrated terminal blocks

— Graphical parameter setting and calibration tool

— Provisions for remote parameter setting

Reliability

— All modules and sensors are continually supervised and may issue a system

alarm or a service request
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— Time-out and re-transmission features

— Persistent loss of communication or severe system failures are detected using
cyclic check-up calls

— Essential annunciations — e.g. short-circuit indications — are displayed locally too,
on the module HMI/MMI, human or Man Machine interface.

No periodic inspection or re-calibration needed. Easy retrofit of serviceable

components

The current module range of the apparatus according to the present invention

comprises the following modules:

Module A

Supervision and control module for MV line and transformer bays. Features:
— 3-phase optical measurement of MV and LV currents

— Circuit breaker (CB) control (make or break)

— CB feedback position

Module B

Supervision module for transformer infeed to LV switchboards / networks. Features:
— 3 phase voltage supervision (LV)

— Charger control 4

- Back-ub battery condition monitoring

— 2 multi-purpose analogue inputs

— 2 multi-purpose binary inputs

— 2 multi-purpose command relays

Module C

Communication module. Features:

— 2-way operational communication with control centre using SMS

— GPRS communication for remote parameterization and data upload

Time-out and re-transmission features
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The system has 3 interface levels as illustrated below: Control Center, System -

(inter-module) and Process interface, vide Fig. 79.

Control Centre interface

The daily communication between the Control Center and the system Modules is
handled through standard SMS messages.

The data values are encoded into a flat 8 bit PDU formatted protocol. All data values
for a complete bay are included in one SMS. The protocol includes error detection

as well as flow control, e.g. Multiple retransmissions and acknowledging.
All communication is bridged to the Control Center via a separate module. In the
present version GSM/GPRS is used as the communication media. In the future

other communication types will be present.

System interface

Internally the system Modules communicates via an industrial CAN network.

Communication speed is 125kbps.

All commands are encapsulated in a single CAN package except for SMS

messages, which is transmitted as several CAN packages.

It is possible to address up to 126 modules for each communication bridge.

Addresses are auto generated during installation.

Process interface

The System is interfaced to the MV/LV field through an optical current sensor per

line. The output from the optical current sensors is monitored in the module A.

The secondary voltage of the transformer is feeded into the System through the
Module B. A low voltage presentation of the secondary voltage is distributed

between the modules.
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The voltage from the secondary side of the transformer is used in all calculations fbr

both the primary and secondary side of the transformer.

The system Modules is connected together via a bus system (the system bus). The
system bus carries the presentation of the secondary voltage as well as the CAN

bus and the power supply.

The modularity of the modules combined with the system bus makes it possible to

match nearly every transformer station installation or layout.

The System is developed to easily integrate to existing Control Center software.
This makes it possible for the Control Center to get online measurements from
MV/LV transformers.

The system enables the Control Center to present static, average and peak load
from any single monitored bay. At the same time it is possible to operate installed

switchgear or other auxiliary equipment in the transformer station.

The Modules is identified by a unique number, which consists of the mobile phone
number, the transformer ID and the bay ID. The unique number ensures that all

messages are passed correctly between the Control Center and the actual Module.

On top of the unique number a phone number lock is implemented in the system.
This feature only accepts SMS messages to and from the Control System. The
combination of the unique humber and the phone number lock prevents

unauthorized persons to operate the system.

The unique number of the system and the Control Center is synchronized during

installation.
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Table 1 - Functional overview

~ MV ine bay " Transformer &  LVfeeders/ || Station level

transformer bay i7" fuseboard

Operational meastrements .

'~ Voltage

e Current‘ffwr
e lAchve power

E Reactlve power

. Daily peak

Addmonal measurements (examples)

- Pressure orl ﬁlled cables

- Transformer temperature
'_]: SFe-pressure swrtchgear "

= A temperature humldlty,

”Commands and mdlcatnon

Crrcwt breaker open i close command -

- Breaker posrtron

: lndlcatlons and alarm:

- “Short crrcurt lndlcat!on dlrectlonal L

"~ Short circuit mdlcatrcn, non-drrecnonal2 o
- Dlstance-to-fault Q. '
- "Earth faultmd;catxon '

i ‘Open phase fault / fuse blown

= mVoItage out—of range

= o ngh temperature

1”""System faulty/schedulesemce e S e S B
Extra mdrcatlons and alarms (examples)
Statlon dooropen R P T ey

- SFe-pressure low sw1tchgear T G

' Currently, Module A is available with one command relay only
2 For use in tie-breaker stations / stations without transformer, where no secondary voltages are
present
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Example

In Fig. 80, a single-line diagram for a RMU, equipped with the system, is shown.

In this case the MV line breakers have spring loaded trip mechanisms, similar to the
type normally used in MV fuse-protected transformer bays. This minimizes the
demand on the back-up battery. This is an option of e.g. the ABB SafeRing and ABB
SafePlus 10 kV and in most modern MV switchgear. Trip of the spring mechanism is

actuated via a trip coil.

The diagram is not an installation drawing. For simplicity, not all connections are
shown. For specific connection diagrams etc., please refer to the relevant catalog

sheets.

Earth fault detection in Petersen-coil / reactance grounded networks is normally
done using wattmetric measuring principles. The reason for this is that the residual
fault current in a Petersen-coil grounded network is very small, compared to the total
capécitve earth fault current in the network, and orthogonal to the above mentioned

current.

Wattmetric measuring schemes however, require both a voltage transformer and a

- current transformer. Therefore, the use of wattmetric earth fault indication is

normally limited to the infeed point of the MV network of cost reasons

The invention does not require the use of costly MV voltage measuring transformers
- componenté with an inherent risk of causing a network fault in themselves.
Instead, the invention combines three facts:
1. At the occurrence of an earth fault in a Petersen-coil grounded network, a
transient content of harmonics occurs in both MV voltages and MV currents.
The transient is very short-lived (1 — 2 power system periods), and has a
frequency in the range of hundreds to thousands of Hz, dependant on the
network properties.
2. During an earth fault in a Peterson-coil grounded network, the level of

harmonics in MV voltages and MV currents is significantly higher than during
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non-faulted operation, due to the network’s response to the asymmetrical
earth fault condition

3. The change in harmonics level only occur ‘upstream’ the MV feeder, i.e.
between the feeder infeed point and the fault location. The change in

harmonics level is not significant ‘downstream’ the MV feeder.

The system is contemplated to detect the absolute content and relative increase in
harmonic currents using a fibre optic current sensors. Detection is done in in two
frequency ranges; one for MV networks with mai}nly underground cables, one for
networks with mainly overhead lines.

By comparing these values to user settable alarm limits, the system may be able to
detect an earth-fault condition ‘downstream’ the feeder from the system measuring

point. The system may also be able to pinpoint the faulted phase.

The harmonic content of the currents of a non-faulted feeder varies slowly over time
due to changes in load size and type. To avoid false alarming when leves increase,
the harmonics reference level may be automatically adapted to the actual load

condition.

The present invention provides a monitoring system for detecting earth faults in an
electrical power supply grid comprising, a plurality of monitoring devices mounted in
a number of monitoring locations, the each of monitoring devices including a
detector for detecting level of harmonics in the electrical power, the level of
harmonics detected in a specific frequency range, the monitoring devices further
including a memory device for storing a harmonics reference value, the monitoring
devices still further including a processor for comparing the level of harmonics with
the reference level, the monitoring device including a communication device for
transmitting an alarm provided the level of harmonics is above the reference level

for a specific period of time.

The monitoring system comprises a paralaty of monitoring devices distributed at a
number of monitoring locations throughout the electrical power suppply grid. The

monitoring devices enclose a detector for detecting a level of harmonics in the
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electrical power distributed in the electrical power supply grid. In a preferred
embodiment of the present invention, the detector is an optical detector as
described elsewhere in the present specification. The optical sensor relies on the

Faraday effect as also described elsewhere.

The level of harmonics are detected in a specific frequency range or in the
alternative in several frequency ranges. By comparing the level of harmonics at any
given time to a reference level or threshold level it may be determined if an earth
fault have occured in the electrical power grid. The time wherein the level of
harmnics is above the reference or threshold value may be as short as one or two
cycles of the electrical power in the electrical power supply grid. The frequency of
the electrical power supply grid may in Europe be eg. 50Hz and in the US 60Hz, but
other frequencies may occur as well as variations in the frequency in the electrical
power in the electrical power supply grid thereby varying the specific period of time

accordingly, which may be compensated by software in the monitoring device.

The monitoring device may calculate or determine the absolute content of harmocs
in the electrical power supplied in the electrical power supply grid, alternatively or
supplementary the monitoring device may determine the relative increase in

harmonics in the electrical power supplied in the electrical power supply grid.

Advantageously, the monitorihg system may further include a system, wherein the
monitoring device further includes software to continuously or periodically adapt the
reference value to variations in harmonics caused by varying load conditions of the

electrical power supply grid.

Variations in the harmonics in the electrical power may occur and the monitoring
system may then adapt the reference value in order to avoid faulse alarms caused

by variations in the harmonics not caused by earth faults.

In one embodiment of the present invention, the system, wherein a multitude of
monitoring devices, are located at each of the monitoring locations for monitoring a

multitude of phases in a multi-phase electrical power supply system.
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The multitude of monitoring devices may eg. be used for monitoring multiple phases

of a transformer station having eg. 3 phases.

In some embodiemts of the present invention a multitude of monitoring devices may
be located at each of the monitoring locations for monitoring a multitude of phases
in a multi-phase electrical power supply system. In a particular embodiment of the
present invention, the system may comprise a system, wherein the system further
comprises a server receiving the alarms, the server including infbrmation relating to
the monitoring locations, the server determining direction of fault from a monitoring

location based on the alarm and the information relating to the monitoring locations.

The server may determine the direction of fault by comparing the information stored
regarding the location of the monitoring device raising the alarm as the earth fault
will cause a fault to be detected downstream of the feeder feeding the electrical

power to the electrical power supply grid.

In certain embodiments of the system according to the present invention the
monitoring locations may be transformer stations, the transformer stations including
electrical power input cables electrically connected to a transformer for transforming
electrical power in the electrical power input cables from a first voltage level to a
second voltage level being lower than the first voltage level, in the alternative, the
monitoring locations are branch points where a line of the electrical power supply
grid branch.

In the system according to the present invetnion the detectors may be positioned at

the primary side of the transformer and/or the secondary side of the transformer.

The present invention still further provides a method for detecting earth faults in an
electrical power supply grid, the method comprising: providing a detection device
detecting harmonics level in a current flowing in an electrical power supply cable,
the detection device including a communication unit for communicating with an

external unit, providing a reference value for the harmonics level, comparing the
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detected harmonics level to the reference value, provided the detected harmonics
level is higher than the reference value transmitting an alarm signal via the

communication unit.

The detection device may be a device as described elsewhere in the specification
as an optical device using the Faraday effect to determine electrical current in
conductors. The detection device may use the information collected by the optical
detector to calculate or determine the level of harmonics in an electrical power

supply cable.

A reference value is provided or calculated at certain times so that the detection
device may determine whether or not the level of harmonics at a given time or in a
given time period is above the reference value and if so the detection device may
transmit an alarm to eg. a central server or monitoring station or master unit

monitoring the power supply of an electrical power supply grid.

- The detection and comparison may be performed a specific nUmber of times in each

period.

Advantageously, the level of harmonics are determined by a method, wherein the
harmonics are determined over a first period of time and a second period of time,
the first period of time being longer than the second period of time. In one
embodiment, the first period of time is less than 1 second and the second period of
time is greater than 1 minute, such as the first period of time being 10 to 800
milliseconds and the second period of time being 1 to 20 minutes, such as the first
period of time being 50 to 500 milliseconds and the second period of time being 5 to
15 minutes, such as the first period of time being 100 milliseconds and the second

period of time being 5 minutes.

Furthermore, the alarm may be transmitted provided a ratio of the harmonics level in
the first period and the harmonics level in the second period is above the reference

value.
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In yet another aspect of the present invention a method of communication between
a master unit and a plurality of monitoring units monitoring an electrical power
supply grid, the master unit comprising a communication unit connected to a wired
or wireless network for communicating with the plurality of monitoring units, each of
the monitoring units comprising a transmitter and receiver having a wired or wireless
connection to the network for transmitting a receiving data messages to and from
the master unit, each of the monitoring units comprising a memory unit for storing
one message, the method comprising: the master unit transmitting a message to a
specific monitoring unit or a multitude of monitbring unit or all of the monitoring units,
the specific monitoring unit or the multitude of monitoring units or all of the |
monitoring units receiving the message, provided the memory unit is empty the
monitoring unit storing the received message in the alternative provided a previously

received message is stored in the memory unit the memory unit discarding the

- received message. When a message is sent from a master unit to one or more of

the monitoring units a reply from a monitoring unit or a number of monitoring units is
considered as acknowledgement of receipt of the message and the method thereby
reduces the amount of messages sent between the monitoring units and the master

unit.

The monitoring units may also transmit messages to the master unit, such
messages may include e.g. information relating to present state etc. or in particular
alarms. If an error or fault occoures at a location, one or more monitoring stations
may send an alarm to a master unit, e.g. being a computer placed at an electrical

power supply company monitoring station.

For pay-load communication between the system and a control centre system / a
central server, a purpose-designed protocol is used. This protocol holds several
advantages:
— Only one message format is needed for all message types (alarms,
indications, measurands, commands and settings)
— All relevant information may be represented in one telegram (e.g. SMS
message) only

— A high level of security is ensured,
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— The protocol may easily be implemented on e.g. a standard laptop
— Changes in protocol due to new features in the system may easily be

implemented due to the versatile format

As the method according to the present invention does not provide for the
monitoring unit to store more than one message, i.e. the monitoring unit does not
include a message queue, the master unit or the unit transmitting the message, is

required to monitor whether or not a response the transmitted message is received.

When the monitoring unit takes reception of a message and no other message is
stored in the memory unit, the message is stored in the memory unit and the
monitoring unit thereafter processes the message and prepared a response, which
response is franmitted to the transmitting unit, i.e. the master unit. If the monitoring
unit receives a message while having a message stored in the memory unit or the
monitoring unit has not marked the message as "processed", the received message

is discarded.

Therefore, the method may include master unit monitoring if a response to the
transmitted message is received with in a specific period of time. The method
additionally provides that provided no response is received within the specific period

of time the master unit retransmits the message.

The master unit may also keep a record of how many times a specific message has
been transmitted, eg. in order to limit the number of times a specific message is
transmitted to one or more monitoring units, whereafter the master unit may raise an
alarm to eg. an operator or elsewhere in the system, that a certain or number of
monitoring units are not responding to messages and also provide identification of

such monitoring units.

The response sent 'by the monitoring unit may comprise voltage levels and/or phase
information and/or fault status and/or settings and/or indications measured or
determined by the monitoring station. Alternative, the message may include raw

data collected by the monitoring unit.
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Transmission of messages may be sent through a network being a GSM network, a
3G network, WLAN network, a PSTN or any other communications network. The

use of existing networks include advantages of security in transmission etc.

The transmission of messages may utilise known formats such as a short-message-

service format or any text format or in the alternative in any binary format.

Measurement of voltages, active and reactive power, short-circuit direction, distance
to fault and other electrical parameters in a MV network, requires information on the
3 phase MV voltage, as well as the current and the relative phase angle between

those.

Traditionally, voltage measurement is carried out using a number of \}oltage (or
potential) transformers. The purpose of the transformers are:
— Separation of the potentially dangerous MV and the measuring circuits
— Giving a wide working range for different primary voltages

— Giving a normalised output (e.g. 110 VAC) to the measuring circuits.

The use of traditional MV voltage measuring transformers have some serious
drawbacks — apart from the costs:
— Space. In many types of MV switchgear, voltage (and current) cannot be
installed — or can only be installed at the factory
— Connectivity. In modern, hermetically closed MV switchgear cubicles, no
connection to the MV conductors is possible — or may only be installed at the
factory
— Voltage transformers, being connected directly or via fuses to the MV
network, are components with an inherent risk of causing a network fault in

themselves.

According to the present invention a system for monitoring and/or determining

conditions at a first side of a transformer by measuring currents at a second side of
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the transformer is provided. Voltages at the first side being higher than voltages at
the second side. The system according to the present invention comprises:

an optical unit including an optical transmitter and an optical receiver
connected by an optical conduit comprising a sensor for sensing electrical fields, the
sensor being positioned at a cable at the secbnd side of the transformer,

~amemory unit for storing transformer related information, such as

transformer ratio and/or transformer vector group and/or transformer load,

a processor unit for determining currents in the cable based on optical
power transmission from the optical transmitter through the optical guide and

received at the optical receiver.

The present invention does not require the use of costly MV voltage measuring
transformers. Instead, the invention combines three facts:

1. Access to the voltages on the LV side of the MV/LV power transformer is

. relatively easy. Connection may — taking appropriate measures — even be
done during operation, i.e. on energized conductors. This is virtually
impossible at MV level.

2. There exists a well defined defined relationship between the MV/LV power
transformérs nominal primary and secondary voltages, both with respect to
amplitude and electrical angle displacement. This relationship is defined by
the transformer ratio and transformer vector group, as noted from the
transformer data sheet.

3. There exists a well defined relationship between the power transformer load
and the displacement of the above mentioned relationship between primary
and secondary voltages. This relationship is defined by the transformer short-
circuit and no-load impedances, and the transformer load current and angle,

relative to the voltage.

The present invention uses the existing MV/LV power transformer in the station as a
“measuring transformer. In this way, all drawbacks of traditional MV voltage

measuring transformers may be avoided.
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By taking the transformer ratio, transformer vector group and transformer load into
account, the system can calculate an almost exact replica of the relevant MV

voltages.

In this way, MV voltages, MV active and reactive power, MV short-circuit direction,
MV distance to fault and other electrical parameters in the MV network may be
calculated, only using a LV voltage measurement. The MV earth fault location is
based on current-measuring principles only and does not need a MV voltages |

measurement either.

If the transformer is out of service — or no transformer exists in the supervised
station — no reference voltages are present. The same problem arises if a feeder
fails the instant it is energized — or if a grounded feeder is energized by mistake. In

these cases, directional decision and distance to fault calculation is not possible.

To ensure a short-circuit indication in these cases, the system automatically
switches to non-directional indication if one or more LV voltages are below a set
limit for more than aa set period. In this way, non-directional short-circuit indications

are still available, enabling faster fault location.

When all 3 voltages return to normal (i.e. values above set limit) for more than the

set time, the system switches back to directional indication.

Advantageously, the processor may further calculate voltage conditions on the first
side of the transformer based on the optical power transmission and the transformer
related information. Additionally, the system may further comprise an output unit for
outputting data representing the current and/or the voltage conditions at the first

side of the transformer.

The different aspects, features, objects and/or advantages identified above may all

be combined.
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The present invention is now to be further described with reference to the drawings

in which

Fig 1 is a schematic cross-sectional view of a Faraday optical current sensor,

Fig 2 is a zoomed schematic cross-sectional view of a Faraday optical current
sensor, ‘

Fig 3 illustrated a groove in the housing of a Faraday optical current sensor,

Fig 4 is a schematic view of an end of a Faraday optical current sensor,

Fig 5 is a schematic view of an end of a Faraday optical current sensor,

Fig 6 is a schematic block diagram of a system for measuring electric current
comprising a Faraday optical current sensor,

Fig 7 is a schematic view of the detection system that is a part of the system
ilustrated in Fig 6, '

Fig 8 is a schematic cross-sectional view of a measurement set-up with three
electrical conductors and one Faraday optical current sensor

Fig 9 illustrates a measurement set-up with a rectangular conductor,

Fig 10 illustrates a measurement set-up with a circular conductor,

Fig 11 illustrates a measurement set-up with a circular conductor with an insulating
layer, ‘

Fig 12 is a schematic block diagram of a prototype implementation of the detection
system and processing unit of the system illustrated in Fig 6,

Figs 13 to 18 are schematiéally views of a prototype version of the present
invention, |

Fig. 19 schematically illustrates the components of the sensor,

Fig 20 and 21 are schematic illustrations of a sensor housing according to the
present invention,

Fig. 22 is a schematic illustration of a cut-through sensor according to the present
invention,

Fig. 23 is a schematic view of two sensor lids,

Fig. 24 is a schematic view of an optical filter,

Fig. 25 is a schematic view of a electrical cable, the B-field emitted therefrom and a
glass rod,

Fig. 26 is a schematic cut-through view of a
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Fig. 27 is a schematic view of a wire clip,

Fig. 28 is a schematic view of a distance piece,

Fig. 29 is a graph illustrating the relation between current and optical magnitude,
Fig. 30 is a graph illustrating the degree of linearity of six sensors,

Fig. 31 is a graph illustrating the relation between temperature of a sensor and the
optical magnitude.

Fig. 32 is a block diagram illustrating the structure of a module A of the apparatus
according to the present invention,

Fig. 33 is a block diagram illustrating the function of the module A, also shown in
Fig. 32,

Fig. 34 is a graph representing the theoretical data collection, ‘

Fig. 35 is a diagram illustrating a transformer and the transformation of voltages and
currents by the transformer,

Fig. 36 is Line-to-Neutral voltage diagram,

Fig. 37 is Line-to-Line voltage diagram,

Fig. 38 is a schematic view illustrating the current measurement in three conductors,
Fig. 39 is a graph illustrating the interpolation in the serial crossing,

Fig. 40 is a voltage and current diagram,

Fig. 41 is a Line-to-Line voltage diagram,

Fig. 42 is a calibration data graph,

Fig. 43 is a schematic view of the current measurement in three conductors and the
associated calibration of module A,

Fig. 44 is a diagram illustrating the light intensity as a function of time and
depending on the current intensity,

Fig. 45 is a block diagram illustrating the analysis operations of the module,

Fig. 46 is a graph illustrating the principal of detection of an error,

Fig. 47 is a graph similar to the graph of Fig. 46 illustrating a different detection
principal,

Fig. 48 is a current and voltage diagram,

Fig. 49 is a view illustrating the forward and backward indications,

Fig. 50 is a schematic view illustrating an error between two phases,

Fig. 51 is a diagram illustrating an error between thrée phases,

Fig. 52 is a diagram illustrating an open phase error,
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Fig. 53 is a block diagram illustrating inputs and outputs of the module,

Fig. 54 is a block diagram similar to the block diagram of Fig. 53 illustrating
additional input and error outputs,

Fig. 55 is a diagram illustrating a trigger function of the module,

Fig. 56 is a further diagram illustrating acceptable and unacceptable variations,

Fig. 57 is a diagram illustrating possible states and possible transitions between the
states of the module,

Fig. 58 is a block diagram similar to the block diagrams of Fig. 53 and 54 illustrating
error inputs and additional outputs,

Fig. 59 is a diagram of an MM interface (Man-Machine Interface),

Fig. 60 is a block diagram illustrating the structure of a module B of the apparatus
according to the present invention,

Fig. 61 is a block diagram illustrating the function of the module B, also shown in
Fig. 32,

Fig. 62 is a graph representing the theoretical data collection,

Fig. 63 is a diagram illustrating a transformer and the transformation of voltages and
currents by the transformer,

Fig. 64 is Line-to-Neutral voltage diagram,

Fig. 65 is Line-to-Line voltage diagram,

Fig. 66 is a voltage and current diagram,

Fig. 67 is a block diagram illustrating the data analysis function of the module,

Fig. 68 is a diagram illustrating alarm levels,

Fig. 69 is a block diagram illustrating inputs and outputs of the module,

Fig. 70 is a block diagram similar to the block diagram of Fig. 53 illustrating
additional input and error outputs,

Fig. 71 is a diagram illustrating a trigger function of the module,

Fig. 72 is a further diagram illustrating acceptable and unacceptable variations,

Fig. 73 is a diagram illustrating possible states and possible transitions between the
states of the module,

Fig. 74 is a block diagram similar to the block diagrams of Fig. 53 and 54 illustrating
error inputs and additional outputs,

Fig. 75 is a diagram of an MMI interface (Man-Machine Interface),

Fig. 76 is a diagram of a bridge between a data central and modules of the system,
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77 is a block diagram similar to the block diagrams of Fig. 53 and 54 illustrating

error inputs and additional outputs,

Fig.
Fig.

78 is a diagram of an MM interface (Man-Machine Interface),

79 is a diagram illustrating the interface between a control centre, system

intermodule and process interface,

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

80 is a block-diagrammatic view of a transformer station,

82 is a block-diagrammatic view of modul A,

83 is a diagram illustrating the FFES,

84 is a block-diagrammatic view of the power suppiy,

85 is a block-diagrammatic view of the CAN driver,

86 is a block-diagrammatic view of the of the /O block,

87 is a block-diagrammatic view of the fiber output driver,

88 is a block-diagrammatic view of the fiber input,

89 is a block-diagrammatic view of thé temperature sensor,

90 is a block-diagrammatic view of a level converter,

91 is a diagram illustrating the main processor,

92 is a schematic and block-diagrammatic view of the module B,

93 is a block-diagrammatic view of the power supply,

94 is a block-diagrammatic view of the can driver,

95 is a block-diagrammatic view of the of the I/O block,

96 is a block-diagrammatic view of the AC poWer measurement block,
97 is a block-diagrammatic for the uC,

98 is a block-diagrammatic overview of Module A,

99 is a block-diagrammatic overview of Module A diode section,

100 is a block-diagrammatic overview of Module A micro controller section,

101 is a block-diagrammatic overview of Module A CAN communication

section,

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

102 is a block-diagrammatic overview of Module A power supply section,
103 is a block-diagrammatic overview of Module A voltage input section,
104 is a block-diagrammatic overview of Module A current signal overview,
105 is a block-diagrammatic overview of Module A Harmonic filter Line 1,
106 is a block-diagrammatic overview of Module A filter Line 2,

107 is a block-diagrammatic overview of Module A harmonic filter Line 3,
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108 is a block-diagrammatic overview of Module A harmonic signal rectifier,
109 is a block-diagrammatic overview of Module A dc filter,

110 is a block-diagrammatic overview of Module A ac-signal gain,

111 is a block-diagrammatic overview of Module A diode current control,
112 is a block-diagrammatic overview of Module A relay 1/O control,

113 is a block-diagrammatic overview of Module A connector overview,

114 is a block-diagrammatic overview of Module B, ’

115 is a block-diagrammatic overview of Module B micro controller section,

116 is a block-diagrammatic overview of Module B CAN communication

section,

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

117 is a block-diagrammatic overview of Module B power supply,

118 is a block-diagrammatic overview of Module B voltage input,

119 is a block-diagrammatic overview of Module B I/O section,

120 is a block-diagrammatic overview of Module B connector section,

121 is a block-diagrammatic overview of GSM module,

122 is a block-diagrammatic overview of Module C power supply,

123 is a block-diagrammatic overview of Module C Can module,

124 is a block-diagrammatic overview of Module C micro confroller module,
125 is a block-diagrammatic overview of Module C GSM interface 1,

126 is a block-diagrammatic overview of Module C interface 2,

127 is a schematic view of a distributed master slave network,

Fig. 128 is a schematic view of a CAN network,

Fig.
Fig.
Fig.

129 is a schematic view of a sub-station,
130 is a schematic view of an activity graph,
131, illustrating MV voltage and current phasors during MV short-circuit; single

line diagram

Fig.

132 is a schematic Voltage and current phasors; remote 2-phase short-circuit,

L1-L2

Fig.

133 is a schematic Voltage and current phasors; close-up 2-phase short-circuit,

L1-L2, and

Fig.

134 and 135 are schematic views of fault loops.
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Fig. 1 is a schematic cross sectional view of a Faraday optical current sensor 10,
and fig 2 is a zoomed schematic cross sectional view of the Faraday optical current
sensor 10 of Fig 1. The Faraday optical current sensor 10 comprises an oblong
housing 12 defining a first and an opposite second end; designated 14 and 16
respectively. At the first end 14 of the housing 12 a first sealing 18 is mounted, the
first sealing 18 having an aperture for receiving a first optical fiber 20. A first fiber
fixture 22 mounted in the housing 12. The first fiber fixture 22 having a aperture for
receiving an optical fiber 20. An optical lens 24 having a receiving section for
receiving the optical fiber 20 and the fiber fixture 22. A first polarisation filter 26
mounted in optical continuation with the optical lens 24. A glass rod 28 in optical
continuation with the first polarisation filter 26. At the opposite end of the glass rod
28 a second polarisation filter 30 is mounted in optical continuation therewith. A
secbnd optical lens 32 is mounted in optical continuation with the second
polarisation filter 30. The second optical lens 32 including a receiving section for
receiving a second fiber fixture 34. A second sealing 36 having an aperture for

receiving a second optical fiber 38.

Two optical fibers 20, 38 are inserted through the first and second sealings 18,36
into the first and second fiber fixtures 22,34, respectively. The optical fibers 20, 38
are mechanically fixated to the housing 12 by means of two sensor lids 40,42,
respectively. The sensor lids 40,42 fixate the fibers 20, .38 and seals the Faraday

optical current sensor 10.

‘The material used to mould the sensor lids 56,58 is preferably a plastic material able

to withstand temperature ranges from -40 to 150°C and have an electrical isolating
property. The material is preferably non-permeable to light in the 400 to 1000 nm
range. Materials with the above mentioned properties may be a plastic materials

such as Ultem or Peek.

The housing 12 may further comprise a set of wings 44 for the mounting of the
Faraday optical current sensor 10 to an electrical conductor by plastic strips or other

fastening means.
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Fig. 3 is a schematic side view of a faraday optical current sensor 10 illustrating a
groove 46 in the housing 12 extending parallel with the glass rod 28. The groove 46
may have a planar bottom wall or alternatively a rounded bottom wall for improving
the fixation of the Faraday optical current sensor 10 to an electrical conductor. The
groove 46 is incorporated in the housing in order to bring the glass rod 28 as close
to the electrical conductor as possible and have the further advantage of fixating the
Faraday optical current sensor 10 at a 90-degree angle with respect to the electrical
conductor. The width of the groove 46 may be arbitrary but preferably have the
same or shorter length than the length of the glass rod 28. The fikation wings 44
may be incorporated in a geometrical expansion of the grdove 46.

Fig. 4 is a schematic view of one end 14 of the Faraday optical current sensor 10.

The Figure illustrates the first polarisation filter 26 mounted in the housing 12.

Fig. 5 is a schematic view of the opposite end of the Faraday optical current sensor
10 illustrated in Fig. 4. The Figure further illustrates the second polarisation filter 30
mounted in the housing 12 rotated 45° with respect to the first polarisation filter 26.
The geometrical configuration of the polarisation filters are illustrated as square,
alternatively, the filters may have any geometrical configuration as long as the

polarisation planes of the two polarisation filters are rotated 45°, respectively.

A prototype version of the Faraday optical current sensor 10 having the following
mechanical dimensions has been constructed. The overall length of the housing 12
is 65 mm and the diameter 12,6 mm. The opening for receiving the fiber is 7,5 mm.
The wings 44 have an overall size of 11,6 mm x 40 mm from end to end. The
groove has a length of 45 mm. The glass rod has a length of 35 mm and a diameter

of 4 mm. The polarisation filters are square, with each of the sides being 5,3 mm.

Fig. 6 is a schematic view of a system for measuring electric current in a conductor
by utilising the Faraday effect in a magneto-optical transducer. The system
comprises a light source 46. The light source may be a light bulb or an LED based
light source. The light emitted from the light source 46 is guided through a first
optical conductor 48, such as an optical fiber. The optical conductor 48 is connected
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to a Faraday optical current sensor 16 comprising two polarisation filters 26, 30 and
a magneto-optical material. The polarisation filters 26, 30 are rotated 45°
respectively. The Faraday optical current sensor 10 is mounted on an electrical
conductor 50 wherein a high voltage current flows, such as 10 kV. The output end of
the Faraday optical current sensor 10 is connected to a second optical conductor
18, such as an optical fiber. The second optical conductor 18 is connected to a
detection system 54, which converts the analogue optical signal to a digital signal.
The digital signal from the detection system 54 is provided to a signal-processing
unit 56, which performs a number of calculations on the data. A measurement
device 58 is mounted on the electrical conductor 50 for calibration purposes. The
measurement device 58 is connected to a current measurement system 60

providing additional data to the signal-processing unit 56.

The signal-processing unit 56 compares, stores and performs calculations on the
data from the detection system 54 and the data from the current measurement

system 60.

Calibration of the system requires the signal processing unit 56 to compare data
from the detection system 54 and the current measurement system 60, the signal
processing unit then stores these data. At the end of the calibration the stored data
from each of the devices are summed up. The summed up data from the current
measurement system 60 is divided with the summed up data from the detection
system 54. The result of this division is used as a calibration value, the calibration
value is stored in the signhal processing unit 56. The current measurement system

60 and the measurement device 58 may be dismounted from the set-up.

The set-up illustrated in Fig. 6 having a light source 46, and Faraday optical current
sensor 10 and an optical detection system 54 are sensitive to electrical noise in the
light source 46, optical noise in the detection unit 54 and interference from magnetic
fields from nearby inductors and systems. The mounting and the set-up of the
sensor 10 as well as the shape and the diameter of the conductor to be measured
have an influence on the measurements performed by the system. The system may

be used in a variety of locations around the world where temperature variations may
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occur often. The temperature may affect the operation of the light source 46 and the
detector circuit in the detection system 54. Furthermore, the light source 46 and the
detection system 54 as well as other components in the system may suffer to
degradation over operation and product lifetime. A precise measurement depends
on a stabile light source and determining the compensation factors for the
implemented system as well as recording changes in light source output, long term
variations of the detection system and variation in temperature of the surrounding

environment.

Fig. 7 is a schematic view of the detection system 54 of the current measurement
system. The detection system comprises a light sensitive component 64 that
converts the light received by the detection system 54 from the light conduit 18. The
light sensitive component 64 converts the light to an electrical signal. The electrical
signal comprises an AC and a DC component, the signal is divided in two and
provided to two amplifiers 66, 68 and the amplified signal from the amplifier 66 is
supplied to a DC separator 70 separating the DC combonent from the amplified
signal. The amplified signal from the amplifier 68 is supplied to an AC separator 72
separating the AC component from the amplified signal. The analogue signal
processing unit 74 converts the DC separated signal and the AC separated signall
from analogue signals to digital signals. The DC signal is compared to a stored DC
signal value measured during calibration of the system. The percentage chahge
from the calibrated DC component is multiplied to the AC component. The signal
from an optic Faraday effect sensor comprises a DC and an AC component. The AC
component arises when a time-varying magnetic field is applied to Faraday optical
current sensor 10. The DC component arises if a DC or a non-magnetic field is
applied to the Faraday optical current sensor 10, if the AC signal includes a DC
component, long-term variations of the detection system and variations in

temperature of the surroundings.

Fig. 8 is a schematic, cross sectional view of a set-up with three electrical
conductors 76, 78, 80, each being a high voltage conductor. The concentric circles
around each of the conductors represent the electromagnetic field radiated

therefrom, illustrating that measurements on electromagnetic fields emitted from one
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conductor 78 by a sensor 10 may be influenced by fields radiated from other
electrical conductors 76, 80. The calibration process is performed in order to
eliminate the interference from neighbouring conductors and other electromagnetic
fields in the surroundings influencing the sensor 10. These other magnetic fields
may originate from electrical equipment within a transformer station in which the
sensor is mounted, or fields radiated from the electrical conductor on which the
sensor is mounted being reflected from the interior of the transformer station,
alternatively reflected electromagnetic fields emitted from neighbouring electrical

conductors.

Fig. 9 illustrates a set-up with a Faraday optical current sensor 10 mounted on a

rectangular conductor 82.

Fig. 10 illustrates a Faraday optical current sensor 10 mounted directly to a circular

conductor 84.

Fig. 11 is a schematic cross sectional view of a Féraday optical current sensor 10
mounted on a circular conductor 86 having a conductive core 88 and an insulator
layer 90 arranged surrounding the perimeter of the electrically conductive core 88.
The Faraday optical current sensor 10 is a point measurement sensor, and the
shape of the B-field and the distance between the inductor are parameters to be
considered. The on-site calibration of the sensor system compensates for the B-field
shaped variations and the distance from the inductor, as well as static

electromagnetic fields present, originating from other sources.

The amplitude of the DC component where no magnetic field is applied to the
Faraday optical current sensor 10 depends on the intensity of the light emitted from
the light source, the resistance through the optic system and the detector circuit.
The AC and DC components of the signal have a linear correlation where no DC

magnetic field is applied to the optic Faraday effect current sensor.

Fig. 12 is a schematic block diagram of a prototype implementation of the detection

system 20 and signal-processing unit 22 of Fig. 6. The module 100 includes the
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sensor inputs 92 inputting the signal from the Faraday optic current sensor 10 to the
detection system 20 illustrated in detail in Fig. 7. A number of optocouplers
corresponding to the number of low voltage drop lines are used to determine the
voltage on the voltage drop lines, these voltages being in the range of 400 volts AC.

The module further includes a user interface input-output port 96 in the prototype

“implementation, the input-output 96 in the prototype version is an RS-232 serial

communications port. The input-output port 96 is connected to a user interface

module 106, used in the set-up and initial calibration of the system.

The data from the detection system 20 and the 400 AC module 98 are sent to a
signal and data processing unit 104, which performs a phase matching for
determining the phase angle between the current and the voltage. In a prototype
implementation of the measurement system, the signal and data processing unit
have been implemented as an embedded dual processor application. The system
functionality is split info a measurement part and a communication part. The
measurement part handles the scanning of 6 current channels, the scanning of 3

voltage channels and the calculations on the collected data.

The module further comprises a communication module 106 for communicating the
data collected by the data processing unit of the processor unit 104. As the system

may be installed in a remote location and used for automatic surveillance of the

~operation of a transformer station, the system may be connected to a central data

collection site collecting data from a number of transformer stations for the safe
operation of an electrical distribution network. The communication module 106 may
be constituted by a module adapted for converting the data from the data
pfocessing unit 104 to a communication protocols such as GSM and/or ISDN and/or
other communication or media, alternatively a data communication protocol, such as
TCP/IP. The module further includes a transmitter unit 108, which, in case of the
communications module being a GSM module is an antenna, alternatively a local
area network port or the like. The module 100 further includes a power supply 110
supplying the module with electrical power. The power is supplied to a power

management unit 112 dividing the power as system power and for charging a
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battery module 114 for the safe operation of the module 100 is case of power

failure.

In the prototype implementation of the module 100, the protocol for communication
the status of the transformer station is described in detail below in a number of

tables.

Figures 13 to 18 are schematic block diagrams of a prototype version according to
the present invention. All components are described by name and product number
in the illustrations, and are considered to be self-explanatory when taking in to

account the descriptions above.

Fig. 13 is a schematic block diagram of a prototype version of a 10 kVSS system

according to the present invention.

Fig. 14 A is a schematic block diagram of a DC current sensor. In the prototype
version the DC sensor have 6 channels, each channel being supplied with a signal
from a sensor circuit illustrated in detail in Fig 14 B. "

Fig. 15 A is a schematic block diagram of a current sensor. In the prototype version
the sensor have 6 channels, each channel being supplied with a signal from a
sensor circuit illustrated in detail in Fig 15 B.

Fig. 16 is a schematic block diagram of a voltage sensor circuit.

Fig. 17 A is a schematic block diagram illustrating a power management circuit.

Fig. 17 B is a schematic block diagram illustrating a power management circuit co-

operating with the power management circuit illustrated in fig 17 A.

Fig. 18 is a schematic block diagram of an RS-232 communications port and the

signals relating thereto.
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In the following another embodiment of the present invention is discussed. Parts
reoccurring in this embodiment and where discussed in relation to the drawings 1

through 18 will have similar reference numerals.
Fig. 19 is an illustration similar to that of Figs. 1, 2 and 3.

Fig. 20 and 21 illustrates a second embodiment of a sensor 10" according to the
present invention. The sensor housing 12" is the main element in the sensor 10'. It
handles the mounting on the cable and fixture of the optics. The housing 12'is
designed so it is possible for welding. The-plastic is designed to withstand
temperatures from — 40°C to 250°C and have an isolating effect for electricity and
heat. The sensor 10' is in the presently preferred embodiment made from PEEK
without glass reinforcement. PEEK grades offer chemical and hydrolysis resistance
similar to PPS, but may operate at higher temperatures. Un-reinforced compression

moulded PEEK offers a high degree of wear resistance.

PEEK may be used continuously up to 480°F (250°C) and in hot water or steam
without permanent loss in physical properties. PEEK carries a V-O flammability

rating and exhibits very low smoke and toxic gas emission when exposed to flames.

The sensor wing 44'is used to mounting the device onto an electrical cable. It is
formed so that strips up to 5 mm may be used to fasten the device to a cable. The
strips are preferably made of Teflon éo that they may withstand wide temperature
ranges and tough environmental influences. The sensor wing 44'is integrated in the

sensor housing 12' and is designed for moulding.

On the surface of the sensor 10' facing the cable, the sensor 10" has an area 46'
with where the diameter is smaller compared to the rest of the sensor 10'. This area
46' enables a location of the faraday rotator close to the cable and fixes the sensor

10" 90° degrees relative to the cable.
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A short distance between the conductor and sensor 10' is important because the
intensity of the magnetic field decreases approximately by one divided with the

distance from the cable.

The faraday light rotator 28" is mounted in the housing 12". The tolerance is kept
tight therefor the glass rod 28' is mounted with a light press fit.

The Polaroid filters 26' and 30" are mounted in the housing 12" in optical continuation
with the glass rod 28'. The filters 26' and 30' are turned 45° degrees with respect to
each other. This is done to obtain the largest signal bandwidth.

It is also possible to glue the filters 26' and 30’ onto the glass rod 28', this should
gain 4-5% more light through the optical matrix. Due to different temperature
gradients in glass; glue and filters, the filters fell of in stress tests. It was also less
cost efficient in production. However, it is envisioned that is is possible to find

materials to allow this embodiment to function properly and at a reasonable cost.

In the presently preferred embodiment, a small lowering has been design in the
sensor housing 12' to fix the Polaroid filters 26" and 30'. The filters 26' and 30" may
move according to temperature changes and has still have a reasonable optical

construction. The filters 26' and 30' are fixed in the square and the lens.

The Polaroid filter is used for viewing the angle turn of the light. The Polaroid filter is
made of plastics and is only 0.2 mm thick. The Polaroid filter is of such a material
that is holds it strength within a terhperature range of — 40°C - 80°C. The filter is
linear polarised and made by a punching tool in production. The filter may be
steamed directly onto the glass rod.

The lenses 24' and 32' are mounted in the housing 12' in optical continuation with
the filters 26' and 30', respectively. The lenses 24' and 32' holds the Polaroid filters
26' and 30' in the squares. The lenses 24', 32' are mounted with a small press fit,

and is therefore fixed in the optical matrix.
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The optic fiber is placed into the fiber fixture 128, illustrated in Fig. 26. When the
fiber fixture is clicked into the optical lens system, the fiber end is positioned in the
focal point. When fiber fixture is placed in the optical lens, it tightens around the fiber

takes care of mechanical stress.

Silicon sealings 18' and 36' are placed at opposite ends of the housing 12'. The
sealing plugs 18' and 36' are used for sealing the sensor 10' thereby protecting it
against dust, steam, water and other deteriorating influences. The sealing also

functions as a tightening of the optic fibers, not illustrated here.

The function of the sealing is to secure the optical part of the sensor 10", primarily
against water and dust. When the lid is pressed onto the sensor housing 12' the
sealing is pressed against the fiber to handle mechanical stress. The sealing is
designed to hold its strengtlh within a temperature range of — 40°C - 120°C. It has a

good resistant to chemicals and ozone.

In Figs. 19 and 23, two sensor lids, 40' and 42" are iIIustratedt. The sensor lids 40',
42' may be fastened to the housing 12'. The sensor lids are easily clicked onto the
housing 12'.

Each of the sensor lids is used to fixture of the fiber and sealing of the sensor 10'.

The lids 40', 42' are constructed and designed so it is possible for plastic welding.

The lids are today made from PEEK without glass reinforcement, which is preferably
the same material as the housing 12'. The sensor lid 40, 42' is designed with a

cone, which enables a one time fixable with the sensor housing.

The sensor lid has a round and short bottom, so when it is mounted in the sensor
housing 12" with the sealing, is squeezes the sealing around the fiber and closes the

sensor 10' so that it is protected against dirt and other pollutants.

The optic fiber transports the light from the light emitter to the sensor 10’ and from

the sensor 10’ on to a light detector.
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In the presently preferred embodiment of the present invention, the optical fiber is a
full duplex fiber with Kevlar reinforcement for strain relief. The optic fiber matches for
visible red light in the region 400 — 700 nm. It has a core diameter of 1 mm and an
overall diameter for 2.2 mm. The operating temperature range is from -25 degrees '
to +100 degrees continuously and up to 120 degrees shortly. The cutting and polish
of the fiber ends are important for the system. The fiber is polished according to a 9
my standard in 3 polishing rounds. This polish grain size is the optimum according
to price and light damping. At the sensor housing 12' end of the fiber, the fiber is
sealed with silicon so that no humidity may enter the fiber and creeping distance

inside the fiber can not occur.

The function of the glass rod is the light rotator, and is the “motor” in the sensor 10'. -
It is constructed of a BK7 material with a low Verdet constant of 0,023 min/G-cm by
a wavelength of 620 nm. It is polished at the ends according to S:D: 40:60 and the
material is strain relieved in production after moulding. The material has been
selected due to a low change of Verdet constant regarding temperature, iow but

sufficient Verdets constants for signal and low cost.

The width of the glass rod has been selected from the optimum with of the lens. The
angle between the magnetic field and the light beam can be describes as a cosine
function. If the magnetic field is 90 degrees in front of the light, no rotation effect
occurs. The length of the glass rod is linear to the signal output. The B-field 120 en

a round conductor 122 is illustrated in Fig 25.

The roteting effect of the field decreases due to higher angle between the light and
magnetic field. The damping of the light in the system is also crucial for a good
signal. When the light is bend by the lens it is not perfectly linear to the optimal
direction, therefore the longer glass rod the less light passes through. The length of
the glass rod has been decided from tests to se an optimum between the magnetic

field effect and damping of light.
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In Fig. 27 a fiber distance clip 124 is illustrated. The function of the fiber distance
clip 124 is to fix the fiber at a distance from the high voltage cable. The clip 124 is
designed to press and hold the fiber, and fix the fiber to the cable with the panduit
Teflon strip.

The distance between the fiber and the cable is needed for thermal and electrical
isolation reasons. The optical fiber as it is today, is only capable to withstand peak
temperatures of approximately 120 degrees. Since the electrical cable may reach

temperatures up to 250 degrees, there must be a thermal isolating distance. The

. fiber is also separated from the cable to avoid a humidity bridge and a possible

creeping distance. The fiber distance clip 124 is moulded in Peek, the same material
as used for the sensor housing 12'.

A sensor clip is illustrated in Fig. 28. The clip 126 creates a higher thermal |

resistance between the cable and sensor 10'. So if the sensor 10' the mounted
directly on a wire, the clip 126 is press fitted onto the sensor wing 44'. This clip 126
makes it possible with a cable temperature of 300 degrees, not having above 120

degrees inside the sensor 10'.

Figs. 29 and 30 illustrate test results obtained during tests involving six sensors
according to the present invention. The graphs show that the sensors exhibit linear
properties as a function of current in an electrical conductor.

Fig. 30 illustrates the degree of linearity of the six sensors.

Fig. 31 is a graph illustrating the output signal of a sensor as a function of the
temperature in the surrounding environment and the sensor.
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Theoretical background of the invention.

When a simple fiber optic Faraday Effect sensor is mounted on a conductor for

. example in a transformer station or on an installation cable, the output optic signal is

sensitive for interference from magnetic fields from nearby systems, conductor
shape, sensor placement and distance to conductor. The output optic signal is also

sensitive to system mounting and set-up.

The object of this invention is to achieve an accurate device for measuring an
electric current by the Faraday Effect, by compensating on-site for interference from
magnetic fields from nearby inductors, conductor shape, distance from measuring

device to conductor, and also mounting and setup.

This object is achieved by comparing data measured by the fiber optic system with a

third party current measurement system during set-up of the system on-site.

The B-field measured by the fiber optic system is named Byyeasyred- The actual

current is determined according to the equation:

ltactual| = IKCalib * Bmeasured| [Al

n n
Where Kcalib =2 0 (IMeasured on third party system) / 20 (BMeasured on optic

system)

This calibration method compromises for linear magnetic field interference from

nearby inductors, and the conversion factor between the B-field and current. It also

- compromises for production tolerances, conductor shape, conductor diameter and

background noise, all when mounted in the active application.

After the calibration, the third party system is removed, and the .fiber optic current

measurement system is a stand-alone measurement system.
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In the addition to use the sensor at all, it is crucial to be calibrated on-site. A third
party measurement device is used to measure the electrical current. This device can
be a current coil or other current measurement devices that is calibrated, and for
which the surrounding field can be ignored or at least measurements are not
influnced by surrounding fields. The signal or data from the third party current
measurement device is computed in a third party measurement system and send to

the signal-processing unit.

The signal-processing unit compares the data from the two devices and store the
data. After a certain period, the calibration is stopped and the stored data from each
device is summed up. The summed up data from the third party current
measurement system is divided with the summed up data from the optic sensor.
This value ié used as a calibration value and is stored in the signal-processing unit.
The third party measurement system and device can be dismounted. The optic

system has now an accurate calibration value for the application it is mounted on.

In a set-up with 3 conductors the magnetic field from nearby conductors may affect
the measurement. On a conductor a fiber optic Faraday Effect sensor is mounted.
The magnetic fields from all 3 conductors affect the sensor. The B-field measured

by a sensor X is:
Bsum_sensor_x = BLi* B+ Bis

During calibration Esum_sensor_x is compared with the data from the third part
measurement device. From this calibration the calibration constant RCaIib is

determined. This constant contains the contribution from all 3 phases, means that

the constant only is valid for a linear B-field.

The B-field is relatively known for a circular conductor, but the B-field is not known
for a rectangular conductor. The fiber optic Faraday Effect sensor creates only a
point measurement, this means that the shape of the B-field and distance from the
inductor is a crucial parameter. The on-site calibrations of the sensor compensates

for the different B-field shape and distance from the inductor.
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The signal from an optic Faraday Effect current sensor consist of an ac and dc
component. The ac component exists when the time varying magnetic field is
applied to the sensor. The DC component exists if a DC or a non-magnetic field is

applied to the sensor.

The object of this invention is to achieve an accurate device for measuring an
electric current in AC system, by the Faraday Effect, by electrically measuring the
AC and DC component, to compensate via software for degradation of system

optics over time. This compensation is bound in the compensation described above.

The size of the DC component, when no magnetic field is applied to the sensor
depends on the output of the light exposed from the light source, the “light
resistance” through the optic system, and the detector circuit. There is a linear
coherence between the ac- and dc-component of the signal, assuming that there is
no DC magnetic field applied to the sensor, no long term variations of the detection

system and no variation in the temperature of the surrounding environment.

The compensated optical signal, Uac_actual ; is determined by:

Uac_actual = (Udc_calib/ Udc_actual) Yac_measured

Where:
Uac actual is the compensated optic ac signal,

Udc actual is the actual measured dc component,
Udc calib is the dc signal measured when system was calibrated,

Uac measured is the actual measured optic ac signal.

The equation above show how to compensate for changes in the dc component due
to optic changes, temperature, change of performance for light source, change of

performance for detector, change of optical resistance in sensor due to life-time.
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The following is a description of a prototype version of the present invention.
In a prototype version of the present invention a system measuring the actual

current in and out of the transformer station plus the 400V voltage, reports the

measured values via SMS messages over a GSM-modem.
The measured values could be: Actual current (averaged over the last second) for
all channels, peak current or energy with direction and timestamp for all channels,

400 V status with timéstamp for last dropout, system condition.

Values are send {o a service technician, alternatively to a server, on request and

when alarm limits is exceeded.

More or less complex calculations may be implemented, as well as sampling rates,

- number of current channels etc may vary. The basic building blocks is the current

calculation, the calibration and the correction according to the DC signal.

A prototype version of the present invention includes a processor system with
embedded software or firmware. The main task for the firmware of the system may
be divided into a number of tasks: Measurement and linearisation of current flow,
calculation of current direction and/or electrical power direction, correction according

to DC signal and communication with server or service personal.

In the prototype version of the present invention six current channels and three
voltage channels are feed into the processor system comprising the firmware
through an optocoupler and an AD-converter. The phase between the current and
the voltage is used to determine the direction of the current or power.

Each current channel of the system is principally constructed from an amplifier and
filter part followed by an AD-converter. When the signal has passed the AD-
converter the firmware performs of all the post-processing of the signal.
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Each current channel is divided into two signals: The AC current signal and the DC
component, both of which are feed through the AD converter. The optical current
signal (Uac) is used to calculate the actual current. The DC component of the optical
current signal is used to calculate the degeneration factor.

The DC Signal (Upc) from the optical sensor combined with the DC component is
used to calculate the degeneration factor, and from that, the actual calibration

constant (Kcaiip)-
Urms = X | Uac - Vrer |

Irms = Kealib X Urmis

The DC component of the signal is removed and the RMS value is calculated as the
integral of the numerical value. The value is multiplied by the calibration constant
(Kcaip) @and the result is the current flowing in the actual channel.

In the present specification examples 50 Hz, however other frequencies may be

used, e.g. 60 Hz

The calculation is done for every 50 Hz period. The post-processing of the result is

done by the communication part of the system.

Detection, or determination, of the electrical current or power direction is done
through measuring the phase angle between the current and the voltage for the

actual channel.

The phase angle depends on the type of load and the direction of the current or
power. The type of load for the actual transformer station is chosen during
calibration. If the phase difference, during an inductor load, is between -90° and

+90° the current or power direction is positive.
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The current phase is grasped from the optical sensors on the 10kV line. The voltage
phase is captured from the 400V line, due to the fact that the 10kV voltage is not

monitored.

In the present context 10kV is an example of a medium voltage level and 400V is an
example of a low voltage. The system according to the present invention measures
both medium voltages and low voltages, i.e. at two sides of a transformer
transforming medium voltages into low voltages.

The voltage phase is delayed through the transformation from 10kV to 400V.
Therefore the phase is modified with 30° times the numerical index of the

transformer vector group.

The firmware in the system compensatés for the degeneration of the system by
looking on the DC component of the signal. This is done through correction of the

initial calibration constant with the degeneration factor.

In a presently preferred embodiment of the present invention, the following
equations are used: |

Uac,pc = X Uac - Vrer

Ubc,avr = (Z Upc) / n, where Upc is summed up from 0 to n samples.

Keaiib = (Kcaiib, it X Unc,init) / ( Upe - Uac,pe )

The DC component of the measured AC value is subtracted from the measured DC
signal to remove the DC component of the current flowing in the inductor.

Both Upc and Uac are sampled over a long period (e.g. one minute).
Besides using the calibration constant calculating the actual current, it also used as

an indication of the overall system condition. The monitoring of this is done in the

communication part.
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After calculation of the actual currents and directions the measuring system takes
care of the system specific calculations. These will vary from one implementation to

another.

Module A description

Module A has a modular structure as displayed in figure 32

Data Collection

Description:

The data collection is done by sampling the input provided by the hardware. Each
input channel is sampled 32 times during a 20 ms period. In embodiments utilising a

frequency different from 50 Hz other power frequency periods apply. This applies

throughout the present specification. The data is saved in a structured way that

allows further handling of the data. Reference is made to Fig. 33.

Input: Method Output:
Three voltage lines. Three Calibrated Voltage values.
- Three Current lines. Three Calibrated Current values.
Internal voltages Three phase differences
Temperature. Harmonic values

Internal Voltage values

Temperature values

Method:

Data Collection

The module has an internal timer that ensures that sampling is done on each of the
three voltage and three current lines exactly 32 times per 20 ms period. Each
sample is stored for later use. This results in 192 samples with 625 nanoseconds

between two samples on the same line.
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Each sample value is compared to the predefined zero reference, and if the sample
value is below the reference, the sample number of the previous sample is stored.
The two following samples of that line are compared to the reference, and if one of
them ié not below the zero reference, the sample number and the detection are
reset. This is done to prevent detection of “false” zero crossings due to hardware
distortion. Figure 34 is a graphical representation of the theoretical data collected

from one of the six lines.

When a full 20 ms period has passed, the voltages (U), currents (I) and phase
differences (®) are calculated based on the collected data. The formulas are

described below:

The various constants used in the calculations are described in detail in the

following sections.

Voltage calculations:

Both high and low voltage calculations are based on the measurements made on

the low voltage side of the transformer (V; in figure 35). The following chain of
formulas describes the steps taken in calculating the Line-to-Neutral and Line-to-
Line voltages on both sides of the transformer.

The small x in the formulas denotes a certain line (A, B or C).

Line-to-Neutral calculations on the low voltage side:

The bold line in figure 36 shows the Line-to-Neutral voltage for line A.

The value U is the raw average of the sampled values

x cale

[i UxSampleiJ

_ \i=0

chalc -
32
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The Line-to-Neutral voltage is calculated as

UL, 1x = Usaaie K catiration * Kgain
Kcaibration iS @ calibration factor found for each line during calibration (See Calibration
section)

Kaain is a factor defined by the current gain selection of the hardware (See Gain

- section)

Line-to-Line calculations on the low voltage side:

The bold line in figure 37 shows the Line-to-Line voltage between line Aand B -

The following formula is used to calculate the Line-to-Line voltage

UL, .= \/UL(XH)L-NZ + ULxL-N2 -2 UL(x+1)L-N UL,y - c0s(120°)
Line-to-Neutral calculations on the high voltage side:

UHx L-N = ULx L-N ° KTransfommer ' Ix—0,4kV ' KTraf Imp

Krransformer iS the conversion factor from the transformer used when converting from
10kV to 0,4kV

Ix-0,4kv is the current running on the low voltage side of the transformer for the
specific line

Krrafimp IS the transformer impedance (Z, in figure 35)
Line-to-Line calculations on the high voltage side:
The Line-to-Line calculations on the high voltage side are done in the same manner

as on the low voltage side.

The following formula is used to calculate the Line-to-Line voltage
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UH, . = \ﬁJH(xH)L-NZ +UHxL-N2 -2 UH(x+1)L—N -UH,; y - cos(120°)

Current: |

The current is measured on either the high voltage or low voltage side. The formulas
used for the calculations are the same for both sides.

Figure 38 illustrates the measurement of current I4, Iz and Ic on the three lines A, B
and C.

The formulas used are

[A<8a = (Xa, YA)
Is£88 = (Xa, V&)

lc£6c = (Xc, Yc)
For line A the following formulas are used

Aq B Cq

XA = KAA * (BA * cos eBA) + KAB * (BB * cos GBB) + KAC * (BC * cos 950)

D4 Eq , Fi

YA = Kaa * (BA *sin OBA) + Kag * (BB *sin eBB) + Kac * (BC *sin OB())

For each line this gives the current calculation:

[Ix]= \/Xi"'yyzc

Kaa, Kag and Kac are calibration constants calculated during calibration. (See

Calibration section)

Phase difference (©):
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The calculation of the time a line crosses the zero reference is based on the Sample
number of the last sample that was not below the zero reference as well as a linear
interpolation between the value of the sample just before and just after the crossing.

Figure 39 shows the interpolation as a bold line.

The gradient of the interpolated line is used to calculate the exact time of the zero
crossing.

The gradient is calculated as follows:

v

sample x-1 sample x

Gradient =

SameLineSample

Vsample x-1 IS value of sample before crossing

Vsample x IS Value of sample after crossing
TsameLinesample 1S the time between two samples on the same line, which equals 625

nanoseconds.

The time from the last sample that was above the reference line to the time the

interpolated line crossed the line is calculated as follows:

Vsample x-1

Time = -
Gradient

Having calculated the exact time of the zero reference crossing of each voltage and
current line, it is now possible to calculate the phase difference between the current

and voltage lines.

Figure 40 shows the phase difference (®) for one set of voltage and current

measurements.
The following formulas are used:

®samples = (X I~sample XU—sample ) ’ Tsample
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Xu-sample iS the sample number of the voltage sample just before crossing the
reference line.
Xisample is the sample number of the current sample just before crossing the

reference line.

20ms

Tsample is the time between two samples, which equals ————
_ 192samples

The interpolation difference is calculated as
S

Interpolation = (Timel - TimeU) ‘
This gives us the total phase difference measured for Line-to-Neutral for the low
voltage.

+0.

int erpolation + ®Ca1ibration + ®3phEﬁ'ect

®MeasL—N = @

samples

Ocaiibration IS the phase distortion caused by the module and is found when
calibrating.
Osphetiect 1S the effect caused by the induction performed by the two other current

lines.

Using the Line-to-Neutral phase difference it is possible to calculate the Line-to-Line
low voltage phase difference

Oreast-t, = Opeasn + O

©, is the phase difference caused by the conversion from line measurements to

phase measurements.
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When the phase difference is used in calculations concerning the high voltage side

of the transformer two additional factors have to be taken into account.

Orrafo is the phase movement or displacement caused by the transformer station

when converting from high voltage to low voltage. This value is determined by the

numerical of the transformer vector group, which may be taken from the transformer

data sheet.

OrrafoLoad IS the phase distortion in the low voltage Line-to-Line measurements
caused by the internal impedance and the current load on the low voltage side of
the transformer. This distortion is the difference between the voltage angle image on
the low voltage side and the voltage angle image on the high voltage side. The
distortion has to be taken into account because the module only measures voltages
on the low voltage side. ' |

Figure 41 shows the voltage distortion of line A. The dotted lines are the high

' voltage side voltages and the full drawn lines are low voltage side voltages.

Using the actual angle of the Line-to-Line voltage on the low voltage side and
subtracting this from the theoretical angle for a line measurement to phase

measurement conversion, OrafoLoad IS calculated

UL, +UL, *-UL >
OTrafoload = O, - AICCOS( XHL-N xL-L xL-N J

2-ULypn ULy

This yields the true phase difference between a high voltage Line-to-Neutral voltage

and the current as
Oy = O ppeast-n T @Trafo

and the true phase difference between a high voltage Line-to-Line voltage and the

current as
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Op L = O peastr T ®Trafo ~ O toLond

Calibration

During the setup of the module, the module must be calibrated o ensure correct
measurements.

The operator does this by using a PC based calibration program. A calibration
device must be attached to perform this calibration.

During the calibration the PC collects the measured voltage, current and phase
difference provided by the module as well as the calibration device.

After collecting sufficient data, the PC calculates calibration factors for voltage and

current measurement as well as a phase displacement constant.
Figure 42 displays the calibration data

Voltage Calibration:

The voltage factors are calculated using following formulas:

K _ Meas .,
Calibration — M
€85 podule

Current Calibration:

The current calibration is more complicated than the voltage calibration due to the
fact that all three sensors measure the magnetic fields made by the cables as

shown in figure 43 below.
To determine the effect each cable’s magnetic field has on the other cable

measurements, the following matrix equation has to be solved for all three lines.

The below example shows the equation for line A

IAZ0a = (Xa, YA) || = xi+y2



10

15

20

25

30

WO 2006/053567 PCT/DK2005/000737
54
ls£68 = (X8, Ys)

lc£6c = (Xc, Ye)

A1 B1 C1

Xa = Kaa * (BA * cos QBA) + Kag * (BB * cos eBB) + Kac * (BC * cos GBC)

D1 E1 F1

Ya = Kaa * (Ba * sin 0ga) + Kag * (Bg * sin 0gg) + Kac * (Bc * sin Osc)

XA A1 B1 C1 KAA
x8 = A1 B1Ci* Kas
Xc A1 B1 C1 Kac
17 D1 E1 Fy Kaa
Ye = DiEiF1 ¥ Ka
Yo D1 E1 F1 Kac

In order to calculate Kaa, Kag and Kac the module has to perform three
measurements with varying current levels.

The values A;, Bj and C are calculated based on the measurements made by the
sensors and the values 1aZ£6a = (Xa, Ya), I8£68s = (Xg, &) and lc£6¢ = (Xc, Yc) are
calculated based on the measurements made by the calibration equipment.

When these values are calculated, the matrix equation is solved to reveal the

constants.

These steps are also performed for line B and line C to give the constants related to

those lines.

Phase Calibration:

The module phase displacement constant is calculated as

Ocalibration = (@CaliDeVice - @Module)
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The calculated factors and constants are saved to the module and during all future
measurements the module uses the factors and constants to adjust the

measurements.

Age compensation of LEDs

The module uses light emitting diodes (LEDs) combined with the deflection of light
caused by a magnetic field to measure the current in power cables.

Over time the light emitted by the LEDs is reduced in intensity due to aging.
Figure 44 shows this reduction.

The measurements made by the module change proportional to the change of the

intensity, causing the measurements to become invalid.

To counter this effect the module stores the light intensity of each LED when it was
calibrated.

- The LED compensation factor is constantly calculated as

IntensityAtCalibration
Kimp = :
CurrentIntensity

The LED intensity is also used for internal supervision (See Internal Supervision

section)

Gain Adjustment

In order to allow measurement of a large range of currents and voltages without
loosing precision, the module uses a gain mechanism. This mechanism contains
four gain levels for current measurement and two gain levels for voltage
measurement. The module operates in the high gain area during normal
measurements, allowing it to measure the largest range of currents and voltages,
but when a possible error is detected the module performs an online evaluation of

the collected data and adjusts the gain levels accordingly. This ensures the highest

possible precision when performing error calculations.
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The general formulas used for the adjustment are as follows:

Adjust gain to a lower level if: MeasuredValueAtC.}alnX < PredefinedPercentage
TotalRangeOfGainX
Adjust gain to a higher level if; YeasuredValueAtGainX _, ;¢ e dPercentage
TotalRangeOfGainX

Preferably two thresholds are defined in a low and a high predefined percentage.

The constant Kgai that is used in the voltage and current calculations depends on

the currently selected gain.

Data Analysis

Description:

The data analysis is based on the collected data. The module performs various
calculations on the collected data to determine if an error state has occurred in the
monitored power network, which should be reported to the Data Central. Reference
is made to Fig. 45. '

In the present context the term error is used to cover both errors and faults.

Input: Method Output:
Three voltage values. Active and Reactive power
Three Current values. Earth Fault indication
Three phase differences Open Phase Fault indication
Three harmonic values. Short Circuit Error

Short Circuit direction and

distance
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Method:

The input values are used to perform various calculations. The following list

describes each performed calculation.

Active and Reactive Power

The module is capable of calculating the active and reactive power present in the
monitored power cables.
The calculation of Active (P) and Reactive (Q) power for each line is identical and is

performed in real time using the formulas:

P, =U, I, -cos(O,)
Q,=U, 1, -sin(®,)

The formula used to calculate the total power differs depending on whether the
module is monitoring a high voltage or low voltage side of a transformer station. This
is due to the fact that the module always\measures the voltage on the low voltage

side of the transformer.
On the high voltage side the following formula is used to calculate the overall power.

b (P +Py +P,)
\/3- }

_(Qa+Qp+Q¢)
V3

Q

In a low voltage system the formulas below are used.

P=(P, +P; +P.)

Qz(QA+QB+QC)
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In a module monitoring the high voltage side, the calculated power is only send to
the Data Central, if the Data Central has specifically requested it.
In a low voltage system, the daily peak power averaged over 15 minutes is saved

once every day and is stored for 8 days.

Earth Fault Detection in Petersen coil/resonance grounded MV networks

The module uses the amount of harmonic currents to detect if an Earth Fault (EF)
has occurred.

The module uses three operator-defined values to detect an EF.

EF.es is the reference value used to determine which detection method should be

used.

EFscior is a factor used to detect an EF when the averaged amount of harmonic

currents is above EF .

EFconst is a constant used to detect an EF when the averaged amount of harmonic

currents is below EF

The EF detection is based on a long and a short avei'age of the harmonic values.
The module constantly calculates a 10 minutes average (H1iomin) and a 100 ms

average (H1ooms)-

The methods used to detect an EF depends on Hyomin and EF s and are described

below

Method 1 (H,y > FF)

10 min

An error is detected if the fraction EJIMis larger than EFscor and the error, i.e.

10 min

Earth fault alarm, is sent to the Data Central. H1iomin is then stored and is not

updated until the fraction EI—“’"—“‘Sagain goes below EFigior

10 min

When this happens the module resets the EF alarm and is able to detect EFs again.
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Figure 46 shows the detection of an error using method 1

Method 2 (H,,,;, <EF.,)

10 min

An error is detected if Higomsthe fraction becomes larger than EFqqnst and the error is

send to the Data Central.

The EF is reset when Higoms becomes smaller that EF ¢onst Or Hiomin becomes Iargér
than EF s | |

Figure 47 shows the detection of an error using method 2

Earth fault detection - isolated and resistance grounded MV networks

The sensors and module is also suitable for detecting earth faults in MV networks

with isolated and resistance grounded neutral.

Earth fault detection in these networks is based on the presence and magnitude of
the zero sequence current flowing in a line or a transformer bay. The zero sequence
current is derived from the 3 phase currents vectors by scalar summation:

lo=(latls+Ic)/3 [A]

In a non-faulted network, the zero sequence current is close to zero, the only source
being the natural asymmetry in the network. In case of a ground fault, the zero

sequence current rises several levels in magnitude.

In networks with isolated neutral, the zero sequence current is equivalent to the total
capacitive ground fault current. In networks with resistance grounded neutrals, the
zero sequence current is in the same magnitude or larger, dependant on grounding

resistor selection.
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Depending on the power system protection practice, ground faults in these network
types are either left uncleared, following manual location, or tripped automatically

after no less than approx. 100 ms. This is fully within the capability of the system.

By comparing the magnitude and duration of the zero sequence current to user
settable limits, the system will respond to an earth fault by issuing an earth fault

alarm.

Short Circuit Detection
The module constantly monitors the power network for a Short Circuit Error (SCE).

The module has three operator-defined current levels (Isc.x) that denotes the

minimum current level present when a SCE has occurred on each line

When a SCE occurs, the module has approximately 100 ms or 5 power system
periods to detect the error and measure the data needed to calculate the error
direction and distance. Figure 48 shows the current and voltage behaviour during a
SCE. It is important to notice that the voltage is reduced during a SCE and if the
voltage is reduced too much, the module cannot detect the time of the voltage
crossing the zero reference. When this is the case, the last detected zero crossing

time is extrapolated using an ideal 20 ms period.
The module performs the following actions during the 5 SCE periods:

The first full period of the SCE duration is used by the module to detect an error. An

error is defined as Iy > lgcx.

The second full period of the SCE duration is used to measure the approximate
current present in the short circuit error. This approximate value is used to

determine which gain level the module will use to measure the error.

The third full period of the SCE is discarded because the module uses this period to

set the correct gain levels for all current lines.
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The fourth and fifth periods of the SCE are measured with the highest possible

resolution due to the gain shift made in the previous period. The measured data is

stored for further calculations regarding the error direction and distance.

After the fifth period of the SCE the module evaluates the measured data. The
measurements from the fourth and fifth periods are averaged to improve the
accuracy.

The averaged current for each line is compared to the lscx value and if the

averaged current is above the value, an error has occurred on the line.

When the direction and distance of the error has been calculated, the Peak Current,
Error direction and Error distance for each line is sent to the Data Central.

Direction of Short Circuit Error

The direction of the short circuit error on each line is calculated based on the
averaged phase difference between the current and the voltage during the error
(Oavg)- The operator determines a constant (Kura) that defines which phase
differences give a forward indication signal and which phase differences give a

indication backward signal.

The phase difference used varies depending on whether the error is a two-phase or

three-phaée error.

Figure 49 illustrates the forward and backward indications depending on the MTA.

~ Forward indication area is the half-circle area centered around the MTA vector. The

backward or reverse indication is the half-circle area opposite the MTA vector.

Forward direction is defined as ©ayq <= MTA+/-90°

Backward direction is defined as - ©ayg = MTA+/-90°

Distance to Short Circuit Error

The distance to the short circuit error or fault location is calculated using the
averaged voltage, current and phase difference collected during the error. The
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calculation depends on the error type. The distance is determined as the eletrical
distance to fault, which is defined as reactance or inductance.

If the error is a two-phase error, the following formulas are used

If error is between phase 1 and 2

_ sin(®,)-U,
A 2.2om-f) 1,

If error is between phase 2 and 3

_ sin(@)-Up
22201,

If error is between phase 3 and 1
_ sin(@)- Ug
¢ 2.2-7-f) 1

The influence of a possible arc resistance and the temperature dependency of the
inductor resistance is eliminated by using the reactance or inductance to fault rather

than the resistance to fault.
Figure 50 shows an error between phase A and B.

If the error is a three-phase error, the following formula is used

L _ 2 (Ly+Lg+L)

Total — \/5 3

Figure 51 shows an errorf between all three phases.

A presently preferred embodiment of the detection of fault direction is described

below.

Determining fault direction
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The fault direction (i.e. the power flow direction) is determined by regarding the

angle between a reference voltage and the MV fault current flowing through the bay.

During a short-circuit, the angle between voltage and current phasors is mainly
determined by the line reactance (Xjne) and line resistance (Rjine) between the
DISCOS station and the fault location; see illustration Fig. 131, illustrating MV

voltage and current phasors during MV short-circuit; single line diagram.

The Maximum Torque Angle (MTA) determines the relative angle at which the

directional indication has its greatest sensitivity and may be calculated as:

MTA = Arctan (Xiine / Riine)
If the relative angle is MTA + 90°, a ‘F’ (forwards) indication is issued for the faulted
phase(-s). If the relative angle is +MTA + 90°, a ‘B’ (reverse/backwards) indication is
issued for the faulted phase(-s).
Exact calculations of MTA are not called for, changeovef angles being MTA % 90°.
For MV cable and overhead line networks, typical values for MTA are 25°-45° and
35°-55°, respectively. A
The ‘broad’ directional characteristic allows phase shifts up to + 90° without

impairing the directional decision. Therefore, errors introduced using voltage

memory on close-up faults are not critical.

Using LV voltages instead of MV voltages

Theoretically, the MV voltages should be used as reference voltages. This is not
convenient in a distribution network where voltage transformers normally only are

found at the infeed station.

In stations with MV/LV power transformer(-s), the system uses the transformer
secondary voltages as reference voltages instead. The voltage vectors are

corrected for the transformer vector group and transformer ratio.

Selection of reference Voltage and vector group correction depends on fault type as

described below.

3-phase short-circuits
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If all 3 phase currents in a line bay exceed the short circuit pick-up value, a 3-phase
short-circuit condition is detected.
Since the fault is symmetrical, the voltage and current systems may be regarded as

symmetrical, too. Therefore, U1, 0.4xv may be used as reference voltage instead of

5 UL1, 10kv, etc.
The MV voltage phase angle Arg(UL1, 10kv) is calculated from the LV voltage phase
angle Arg(UL1, 0.4kv), turned through v x 30°, where ‘v’ is the vector group of the
transformer, i.e. ‘5’ for a Dyn5 transformer.
Examples:
10 — For a Dyn 5 transformer, LV voltage phase angles are turned through +150°
(positive sequence, counter-clockwise)
~ For a Dyn 11 transformer, LV voltage phase angles are turned through +330°
(positive sequence, counter-clockwise)
Directional decision is carried out by phase-wise comparison of the following
15 voltages and current phasors:
Phase Fault loop . MV reference LV reference MV current
voltage voltage phase angle
phase angle phase angle
L1 L1-N Arg(Ui1, 10kv) Arg(Ui1, 0.4kv) Arg(lLi, 10kv)
+150°
L2 L2-N Arg(Ui2, 10 kv) Arg(Ur2, 0.4kv) Arg(li2, 10kv)
+150°
L3 L3-N Arg(Uis, 10kv) Arg(Urs, 0.4kv) Arg(lis, 10kv)
+150°
Table 2
Phase Fault loop MV reference LV reference MV current
voltage voltage phase angle
phase angle phase angle
L1 L1-N Arg(UL1, 10kv) Arg(UL1, 0.4kv) Arg(lL1, 10kv)
+330°
L2 L2-N Arg(Ui2, 10kv) Arg(Ui2, 0.4xv) Arg(li2, 10kv)
+330°
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L3 L3-N Arg(Uys, 10kv) Arg(Uys, 0.4 kv) Arg(lis, 1o kv)
+330°
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Table 3

The relative angles between reference vdltage and current Arg(Z,) are then

calculated phase-wise.
- Examples:

— Dyn 5 fransformer; phase L1:
Arg (Zi1) = Arg(UL1, 10kv) — Arg (IL1, 10kv) = Arg(UL1, 0.4 kv) + 150° — Arg (L1, 10
kv)
— Dyn 11 transformer; phase L1:
Arg (Zi1) = Arg(UL1, 10kv) — Arg (IL1, 10kv) = AFQ(UU 0.4kv) +330° — Arg (IL1, 10
kv)
Relative angles are then cbmpared to MTA:

— If Arg (Z1y) lies in the range MTA + 90°, a 'F’ (forwards) indication is issued
for phase x ‘

- If Arg (Z.y) lies in the range +MTA * 90°, a ‘B’ (reverse/backwards) indication is
issued for phase x

For 3 phase short-circuits, fault location is normally the same for all 3 phases.

Consequently, indication will normally be ‘FFF’ or ‘BBB’.

Voltage drop due to transformer load during the fault is disregarded.

2-phase short-circuits and double earth faults ('cross-country’ faults)

If 2 phase currents in a line bay exceed the short circuit pick-up value, a 2-phase
short-circuit condition is detected. If only 1 phase current exceeds the pick-up value,

a ‘cross-country’ fault condition is assumed.

For remote faults, the relative angles between MV voltage (bold arrowheads) and
current phasors (open arrowheads) are illustrated in Fig. 131.

For close-up faults, i.e. faults close to the DISCOS station, the residual MV line
voltage between the faulted phases may be zero or close to zero; e.g. Up12, 10kv
during an L1-L2 fault. The relative angles between MV voltage and current phasors

are illustrated in Fig. 133.
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To ensure correct directional desicion regardless of fault location, one of the
‘healthy’ MV line voltages must be used for polarization; e.g. U\23, 10 kv during an L1-

L2 fault. This method is also known as 'cross-polarization’.

The reference voltage is orthogonal to the faulted voltage. This is corrected as

5 follows:
— Uz 1okv is lagging Uy 12 10 kv with 90°.
Therefore, Ui23 1okv is turned through + 90°.

= U1 1okv is lagging Uy2s 1o kv with 90°.
Therefore, U 23 10 kv is turned through + 90°.

10 = Uviz1okv is lagging Uvss 10 kv With 90°.
Therefore, Ui23 10 kv is turned through + 90°.

Instead of MV line voltages, the similar LV phase voltage is used. Examples:

— For a Dyn 5 transformer, U1 9.4 kv is similar with UL12, 10 kv.
Therefore, LV voltage phase angles replace MV voltage angles directly.

15 — Fora Dyn 11 transformer, + Uy 0.4 kV is similar with U|_12, 10 kV-
Therefore, LV voltage phase angles are turned through +180° to replace MV
voltage angles :

Directional decision is carried out by phase-wise comparison of the following

voltages and current phasors.

20 Fault loops and selection of reference voltage; 2-phase short-circuit, Dyn5
transformer:
Phase | Faultloop MV reference LV reference MV current
voltage voltage phase angle
, phase angle phase angle
L1 L1-L2 Arg(Uizs, 10kv) +90° | Arg(Uiz, 0.4kv) +90° | Arg(lL1, 10 kv)
L2 L2-1.3 Arg(Uis1, 10kv) +90° | Arg(Uis, 0.akv) +90° | Arg(li2, 10kv)
L3 L3-L1 Arg(ULiz, 10kv) +90° | Arg(ULt, 0.4kv) +90° | Arg(lLs, 10 kv)
Table 4
25 Fault loops and selection of reference voltage; 2-phase short-circuit, Dyn11

transformer:
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Phase | Fault loop MV reference LV reference voltage MV current
voltage phase angle phase angle
phase angle
L1 L1-L2 Arg(Ui23, 10kv) +90° | +Arg(Ui2, 0.akv) +90° | Arg(lL1, 10kv)
L2 L2-L3 Arg(Uis1, 10kv) +90° | +Arg(Ups, 0.4kv) +90° |  Arg(lLa, 10kv)
L3 L3-L1 Arg(UL12, 10xv) ¥90° | +Arg(UL1, 0.4xv) +90° Arg(lLs, 10 kv)

Table 5

The relative angles between reference voltage and current, Arg(Zyy), are then
calculated phase-wise.
Dyn 5 transformer; phase L1, L2 and L3:

Arg (Z1) = Arg(UL23, 10kv) + 90 ° — Arg (IL1, 10kv) = Arg(Uiz, 0.4kv) + 90 ° — Arg (IL1, 10
KV)

Arg (Zi2) = Arg(Uis1, 10kv) + 90 ° — Arg (I2, 10kv) = Arg(Uys, 0.4 kv) + 90 ° — Arg (IL2, 10
KV)

Arg (Z13) = Arg(UL12, 10kv) + 90 ° — Arg (I3, 10kv) = Arg(Uy1, 0',4 kv) + 90 ° — Arg (lis, 10
kv)

Dyn 11 transformer; phase L1, L2 and L3:

Arg (Z11) = Arg(UL2s, 10kv) + 90 ° — Arg (IL1, 10kv) = +Arg(Urz, 0,4kv) + 90 ° — Arg (IL1, 10
kv) ,

Arg (Z2) = Arg(ULs1, 10kv) + 90 ° — Arg (li2, 10kv) = FArg(Uis, 0.4kv) + 90 ° — Arg (I.2, 10

k)
Arg (Zi3) = Arg(UL12, 10kv) + 90 ° — Arg (I3, 10kv) = FArg(UL1, 0.4 kv) + 90 ° — Arg (I3, 10
kV)

Relative angle is then compared to MTA:
— If Arg (Z.x) lies in the range MTA + 90°, a ‘F’ (forwards) indication is issued
for phase x

— I Arg (ZLy) lies in the range +MTA £ 90°, a ‘B’ (reverse/backwards) indication is
issued for phase x ‘

The distance to the fault determines the degree of voltage collapse. If voltage
collapse is not complete, cross-polarization may turn Arg (Z.x) through up to + 30°.
Thanks to the ‘broad’ directional characteristic directional decision is not impaired,

however.
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For a ‘true’ 2 phase short-circuit (same fault location), indications will show same
direction for faulted phases; i.e. ‘FF-, ‘F-F’, —FF’, ‘BB, ‘BB’ or ‘-BB".

For a ‘cross-country fault’ (different fault locations), indications may show same or
opposite direction for faulted phases — in accordance to the power flow direction of

each phase.

Electrical distance to fault

Based on the measured voltages and currents, module A can establish the electrical
distance to fault.

Distance to fault calculation is only triggered during 2- and 3-phase faults. For earth
faults and ‘cross-country’ faults, distance to fault is not calculated since the

measurement is influenced by the earth current return path.

3-phase short-circuits

For 3-phase short-circuits, the following fault loop is considered, see Fig. 134:

As shown in Fig 134, the apparent impedance from the system measuring point to
the fault location, Z,x, may be calculated from the respective MV voltage U« and

current I .

Since the fault is symmetrical, the voltage and current systems may be regarded as
symmetrical, too. Therefore, UL, 04 kv may be used as voltage instead of UL 4, 10 kv,

etc.

The MV voltage U4, 10kv is substituted with the LV voltage U, 1, 0,4 kv, muliplied by n.
‘n’ is the transformer ratio between primary phase voltage and secondary phase

voltage.

The apparent impedance is then calculated from the following voltages and current

phasors.

Fault loops and selection of voltage and current phasors; 3-phase short-circuit:
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Phase Fault loop MV voltage LV voltage MV current
L1 L1-(N) UL1, 10kv Uit 04kv XN L1, 10kv
L2 L2-(N) U2, 10kv Uiz, 04kv XN L2, 10kv
L3 L3-(N) ULs, 10kv Uis, 04kv X N s, 10 kv
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Table 6

The impedance to fault location is calculated as the mean value:

Zmean = ( UL1,04kv X N/ 11, 10kv + ULz, 04kv X N/ 12, 10kv + ULz, 0.axv X N / 113,10
w) /3
Impedance Z (and resistance R) is not suitable for measuring an electrical distance,
since both quantities vary with grounding system and earth return resistance,

conductor resistance (temperature depedant) and arc resistance on fault location.

On the other hand, the reactance X only depends on conductor geometry in fault
loop. Since this is constant, the apparent reactance is ideal as a measure of the
electrical distance to fault, in Ohms:

Xiean = 1M (Zmean ) = IM [ (U1, 04kv / L1, 10kv + Uiz, 04kv / 2, 10kv + ULs, 0.4kv /

I3, 10kv) XN /3]

2-phase short-circuits

For 2-phase short-circuits, the following fault loop is considered (example shows L1-
L2 fault). |
MV voltage and current phasors during MV 2-phase short-circuit, see Fig. 135:

As shown above, the apparent impedance from the system measuring poing to the
fault location, Z,, may be calculated from the respective MV voltage ULXy and

current [ x.
Instead of MV line voltages, the similar LV phase voltage is used. Examples:

— For a Dyn 5 transformer, UL1 9.4 kv is similar with U} 12, 10 kv-
Therefore, the LV phase voltage multiplied with the transformer ratio ‘n’ and
V3, replaces the MV line voltage

— For a Dyn 11 transformer, + Uy 1 0.4 kv is similar with Up12, 1o kv.
Therefore, the LV phase voltage multiplied with the transformer ratio ‘n’ and
V3 and turned through +180°, replaces the MV line voltage
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Apparent impedances are then calculated phase-wise from the following voltages
and current phasors.

Faulit loops and selection of voltage and current phasors; 2-phase short-circuit,

Dyn5 trf.:
5
Phase Fault loop MV voltage LV voltage MV current
L1 L1-L2 UL12, 10kv ULt, 0.4kv XN X V3 L1, 10kv
L2 L2-L.3 UL2s, 10kv UL2, 04kv XN X V3 L2, 10kv
L3 L3-L1 U1, 10kv ULs, 0.4kv X N X3 L3, 10 kv
Table 7

Fault loops and selection of voltage and current phasors; 2-phase short-circuit,
Dyn11 trf.:

Phase Fault loop MV voltage LV voltage ' MV current

L1 L1-L2 UL12, 10 kv +UL1, 0.4kv X N X3 IL1, 10 kv

L2 L2-1.3 UL2s, 10 kv +Up2 0.4kv X N X V3 IL2, 10kv

L3 L3-L1 ULs1, 10kv +ULs, 0.4kv X N X3 IL3, 10 kv
Table 8

The impedance to fault location is calculated as below (example shows L1-L2 fault,
Dynb5 trf.):
Zi1=2Z12= (UL, 04v XN X3/ 11,10k ) X 0.5

The factor 0.5 corrects for the loop impedance being twice the impedance to fault
15 location. For reasons stated earlier, the apparent reactance is used as a measure of

the electrical distance to fault, in Ohms:

X=1Im(Z1)=1Im[ (U1 04w XN XV3/ L1 10kv ) X 0.5]

Converting electrical distance to physical distance

20 The distance to fault calculated by module A is the electrical distance in Ohms.
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Converting electrical distance to physical distance requires information about the
specific reactance (Q/km) and actual length (km) of all MV lines between the system

measuring point and fault location.

Line data is normally available at server level, e.g. in the company’'s ERP system.

External Interaction

Description:

The module has a number of external inputs and outputs (I/Os) that can be used to
control the surrounding environment. These I/O’s have no predefined functions and

can thus be used for any general purposes.

Input: Method Output:

Two binary inputs ~ Two Binary Outputs
Output Control : Input State

2 analog inputs ’ 2 analog outputs
Method:

Input surveillance

The module monitors the two binary inputs constantly.

If a change in either of the inputs is detected, the module sends a message to the
Data Central.

The state of both inputs are also displayed on the module’s Man-Machine-Interface

(see Communication section)

~ Qutput Control

The module provides the Data Central with the option to change the output state.
This is done by sending a message to the module. When the module receives the

message from the Data Central, it changes the output accordingly.
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The state of both outputs are also displayed on the module’s Man-Machine-Interface
(see Communication section)

Analog Inputs
The module monitors the two analog constantly, a 4-20mA input and a 0-5V input.

Levels for alarms can be set and the actual value can be given on request.

Open Phase Detection

The module is capable of detecting Open Phase faults in the monitored power
network.
An Open Phase fault is detected by using the following calculations:

I =Min(I,,1;,1.)
I.. =Max{d,,I;,1.)

A
avrg_—?’-——

I

If the fraction —}“—‘2— is less than an operator-defined value and lavg is higher than an

operator-specified value and none of the measured voltages are below the earlier
defined “No Voltage” threshold, the module assumes an Open Phase error has
occurred. |

This causes the module to send an alarm message to the Data Central.

Figure 52 shows an Open Phase error for line A.

External Interaction

Description:

The module has a number of external inputs and outputs (I/Os) that can be used to
control the surrounding environment. These 1/Os are currently mapped to the
transform stations breaker circuit, but can be used for many other purposes.

Reference is made to Fig. 53.
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Input: Method Output:
Two binary inputs One Binary Output
Breaker Control ‘ Breaker State

Method:

Breaker surveillance

The module monitors the breaker circuit constantly. The current configuration
causes the first input to be high, if the breaker is closed and the second output to be
high, if the breaker is open.

If a change in breaker state is detected, the module sends a message to the Data
Central. ‘

The current breaker state is also displayed on the module’s Man-Machine-Interface

(see Communication section)

Breaker Control

The module provides the Data Central with the option to open the breaker. This is
done by sending a message to the module. When the module receives the break
signal, it sets the binary output to high.

The binary output is held high until the module detects the breaker to be open or the
module has tried to open the breaker for 20 seconds or another user defined time
period. If either of the two things occurs, the module sends a message back to the
Data Central with the current breaker state.

When the module is trying to change the breaker state, it is displayed on the Man-

Machine-Interface (see Communication section).
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Internal Supervision

Description:

The module has a self service feature that ensures continuously correct behaviour
and in case of defects, detects these and acts intelligently according to the severity
of the defect. _

The status of the module is displayed on the Man-Machine-Interface and is at the
same time communicated to the Data Central. (See communication section).

Reference is made to Fig. 52.

Input: Method Output:
Sampled Internal voltages ~ Error State
Sampled temperature Error Data

LED Intensities

Method:

Internal voltages

The sampled internal voltages are checked against a set df operator-defined values.
If the voltages fall below the value an alarm event is triggered.

The alarm is cancelled when the voltage is significantly higher than the low voltage
trigger.

Figure 55 shows this behaviour.

Module temperature

The sampled temperature is treated a bit differently than the voltages. The operator
defines a temperature “band” that is accepted

If the band is breached the alarm will trigger, and the alarm is reset when the
temperature is significantly inside the band again.

Figure 56 shows this behaviour.



10

15

20

25

30

WO 2006/053567 . PCT/DK2005/000737
75

Light Emitting Diode supervision

The LEDs' light intensities are monitored and compared to two operator-defined
values called LEDggnice and LEDpefect.

If one of the LED intensities fallsbelow LEDsenice the system enters the “Service”
state and informs the Data Central.

If one of the LED intensities falls below LEDpesect the system enters the “Defect”

state and informs the Data Central.

Software supervision

Different actions in the module’s software can cause error events. Some of these
errors are non-critical and may happen once in a while. Statistics on these errors
are collected and if they happen to frequently or if a critical error occurs, a message

is sent to the Data Central and the module’s state is updated.

Module states

The module’s state is changed by errors and by normal product operation. The
module’s state determines how the module functions. There are four states.

e Passive |

e Service

o Active

e Defect
Figure 57 shows the states and the possible transitions between the states.

The Defect state is entered when an error is preventing normal operation. Only a

service technician can change from Defect state to Active state.

The Service state is entered when a threshold of non-critical errors has been
reached. When in service state, all measurements are done as normal, but the state
indicates that manual service is necessary to fix the problem before it becomes

critical. A service technician changes the module from Service state to Active state.
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The Active state is the normal state when module is installed, calibrated and running

normal. Changes from the active state are caused by errors or by a technician.

The Passive state is the state a non-calibrated module starts in. It indicates the
module needs calibration. The module’s state changes to Active when it is

calibrated.

The system state and the alarms closely cooperate with the Man-Machine-Interface.

(See communication section)

Communication

Description:

The module’s communication contains two functions:
1) A Man-Machine Interface (MMI) consisting of 10 LEDs. These LEDs
are used to make the module’s current state visible to on-site operators.
2) The module is connected to a CAN bus. This permits the module to
communicate with the other modules on the CAN bus and the PC when
the module is being calibrated. Reference is made to Fig. 58.

Input: Method Output:
Error State CAN Messages
Error Data Decoded message

Calculated Data
CAN Messages

Method:

Man-Machine Interface

The module’s Man-Machine Interface (MMI) displays the current state of the unit.
The MMI looks like figure 59
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The MMI contains 10 LEDs that have the following functions:
1-3)
These LEDs are green, yellow and red and they represent the unit's state.

Respectively they represent “Unit OK”, “Service Needed” and “Unit Defect”

4)
The fourth LED shows that an error, i.e. a short circuit, with direction forward has

occurred.

S)
The fifth LED shows that an error, i.e. a short circuit, with direction backward has

occurred

6)
The sixth LED shows that an earth error has occurred.

7-9)

These three LEDs respectively represent “Breaker Open

, “Breaker Closed” and

“Breaker opening” or "Breaker tripped by Module".

10)

The tenth LED is larger than the others and flashes when the system is being
calibrated by the PC calibration software. It also flashes when the unit is sending or
receiving external GSM communication. The LED also functions as a push button
and resets the system if held down for 5 seconds.

CAN Communication

All modules in the system are interconnected via an industrial type CAN bus. This
bus is used when the operator wishes to calibrate the units.

Prior to the module calibration, a PC with the calibration software is connected to
the CAN bus.
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When the software is started, it communicates with all modules on the CAN bus and
provides each module with a unique ID number. This ID number is used in all future

messages to and from the specific module.

The CAN bus is also used when an A-Module wishes to operate the power network
breaker or tripping. _

The operation requires power supplied via the system bus and to minimize the
power usage during breaking, or tripping, only one A-module is allowed to operate
the breaker at any given time.

This is ensured by means of a “breaker token”. The token is held by the B-Module
during ordinary operation, and when an A-Module wishes to operate the breaker it
requests the token. If the B-Module has the token, it gives the token to the
requesting A-Module. The A-Module returns the token to the B-Module when the
break is performed.

~ Finally the CAN bus is used by the module to communicate with Module C. All

information that should be sent to the Data Central is sent as messages on the CAN
bus to Module C.

All messages send from the Data Central are received by Module C and forwarded
to the correct module by using the CAN bus. These CAN messages are decoded
and the module performs the action requested by the Data Central.

The Data Central can request the current module measurements, it can request the

breaker state and it can request a change of the breaker state.

Module B description

Module B has a modular structure as displayed in figure 60
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Data Collection

Description:

The data collection is done by sampling the input provided by the hardware. Each
input channel is sampled 32 times during a 20 ms period. The data is saved in a
structured way that allows further handling of the data. Reference is made to Fig.
61.

Input: Method Output:

Three voltage lines Three Calibrated Voltage
values

Internal voltages Internal Voltage values

Temperature Temperature values

Battery voltage : Battery voltage values

Method:

Data Collection

The module has an internal timer that ensures that sampling is done on each of the
three voltage lines exactly 32 times per 20 ms period. Each sample is stored for
later use. This results in 96 samples with 625 nanoseconds between two samples
on the same line.

Each sample value is compared to the predefined zero reference, and if the sample
value is below the reference, the sample number of the previous sample is stored.
The two following samples of that line are compared to the reference, and if one of
them is not below the zero reference, the sample number and the detection are
reset. Thié is done to prevent detection of “false” zero crossings due to hardWare
distortion. Figure 62 is a graphical representation of the theoretical data collected

from one of the three lines.

When a full 20 ms period has passed, the true voltages (U) are calculated based on

the collected data. The formulas are described below:
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The various constants used in the calculations are described in detail in the

following sections. Reference is made to Fig. 63.

Module B is only interested in the voltage on the low voltage side of the transformer
(V2 on figure 63) and the following chain of formulas describes the steps taken in
calculating the Line-to-Neutral and Line-to-Line voltages. The small x in the formulas

denotes a certain line (A, B or C).

Line-to-Neutral calculations: ‘
The bold line in figure 64 shows the Line-to-Neutral voltage for line A

The value U__, is the raw average of the sampled values

x calc

32
(Z UxSamplei)

_\i=0

xcale — 39

8)

The Line-to-Neutral voltage is calculated as

ULx LN = U ’ KCalibration ‘K

x cale Gain

Kcaiibration is @ calibration factor found for each line during calibration (See Calibration
section)
Kaain is a factor defined by the current gain selection of the hardware (See Gain

section)

Line-to-Line calculations:

The bold line in figure 65 shows the Line-to-Line voltage between line A and B

The following formula is used to calculate the Line-to-Line voltage
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UL,..= \/UL(x+1)L-N2 + ULxL-N2 —2-ULyn UL, y - cos(120°)

Calibration

During the setup of the module, the module must be calibrated to ensure correct
measurements.

The operator does this by using a PC based calibration program. A calibration
device must be attached to perform this calibration.

During the calibration the PC collects the measured voltage, current and phase
difference provided by the module as well as the calibration device.

Atfter collecting sufficient data, the PC calculates calibration factors for the voltage.
Figure 66 displays the calibration data.

Voltage Calibration:

The voltage factors are calculated using following formulas:

K Meas .,

Calibration —
Meas ;g6

Gain Adjustment

In order to allow measurement of a large range of voltages without loosing
precision, the module uses a gain mechanism. This mechanism contains two gain
levels for voltage measurement. The module performs an online evaluation of the
collected data and adjusts the gain levels accordingly. This ensures the highest

possible precision at all times.
The general formulas used for the adjustment are as follows:

Adjust gain to a lower level if: MeasuredValueAtGainX < Pr edefinedPercentage

TotalRangeOfGainX
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Adjust gain to a higher level if: MeasuredValueAtC'}amX > Pr edefinedPercentage
TotalRangeOfGainX

The constant Kgai that is used in the voltage calculations depends on the currently

selected gain.

Preferably two thresholds are defihed a low and a high predefined percentage.

Data Analysis

Description:

The data analysis is based on the collected data. The module performs voltage
supervision on the collected data to determine if an error state has occurred in the
monitored power network, which should be reported to the Data Central. Reference
is made to Fig. 67.

Input: Method Output:
Three voltage values. Voltage fault
Method:

The voltages are used to determine if a voltage fault has occurred.

Voltage Supervision

If the module is monitoring the low voltage side of the transformer, it is constantly
supervising the voltage level. If the voltage level exceeds certain operator-specified
limits, the module sends an alarm message to the Data Central.

The following three limits are currently implemented:

High Voltage:

If the measured voltage level exceeds this value for a given period of time, the

module sends a “High voltage” alarm to the Data Central.



10

15

20

25

WO 2006/053567 PCT/DK2005/000737
83

Low Voltage:
If the measured voltage level falls below this value for a given period of time, the

module sends a "Low voltage” alarm to the Data Central.

No Voltage: h
If the measured voltage level falls below this value for a given period of time, the

module sends a “No voltage” alarm to the Data Central.

The alarm for no voltage may be inhibited if a user settable, minimum current, flows
in one or more phases of a MV ???1 in the electrical power station. The purpose is
to restrict the alarming to local losses of supply only, e.g. to due to tripped MV

transformer protection.

Figure 68 shows the alarm levels.

External Interaction

Description:

The module has a number of external inputs and outputs (1/Os) that can be used to
control the surrounding environment. These I/O’s have no predefined functions and

can thus be used for any general purposes..

Input: Method Output:

Two binary inputs Two Binary Outputs
Output Control Input State

2 analog inputs 2 analog outputs
Method:

Input surveillance

The module monitors the two binary inputs constantly.
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If a change in either of the inputé is detected, the module sends a message to the
Data Central.
The state of both inputs are also displayed on the module’s Man-Machine-Interface

(see Communication section)

Output Control

The module provides the Data Central with the option to change the output state.
This is done by sending a message to the module. When the module receives the
message from the Data Central, it changes the output accordingly.

The staté of bofh outputs are also displayed on the module’s Man-Machine-Interface
(see Communication section)

Analog Inputs

The module monitors the two analog constantly, a 4-20mA input and a 0-5V input.

Levels for alarms can be set and the actual value can be givéen on request.



10

15

20

25

WO 2006/053567 PCT/DK2005/000737

85

Internal Supervision

Description:

The module has a self service feature that ensures continuously correct behaviour
and in case of defects, detects these and acts intelligently according to the severity
of the defect.

The status of the module is displayed on the Man-Machine-Interface and is at the
same time communicated to the Data Central. (See communication section).

Reference is made to Fig. 70.

[nput: Method Output:
Sampled Internal voltages Error State
Sampled temperature Error Data

Sampled Battery voltages

Method:

Internal voltages

The sampled internal voltageé are checked against a set of operator-defined values.
If the voltages fall below the value an alarm event is triggered.

The alarm is cancelled when the voltage is significantly higher than the low voltage
trigger. |

Figure 71 shows this behaviour.

Module temperature

The sampled temperature is treated a bit differently than the voltages. The operator
defines a temperature “band” that is accepted.

If the band is breached the alarm will trigger, and the alarm is reset when the
temperature is significantly inside the band again.

Figure 72 shows this behaviour.
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Battery voltage

The module is battery backed at all time and controls the charging of this battery
from main supply with a relay. A check is done on this battery at predefined periods
(once every week). The check disables the charger and main supply for a short
time, and monitors the battery discharging. If the battery discharges too fast, the
battery is considered defect.

This changes the modules state to Service and the module sends a message

informing the Data Central.

Software supervision

Different actions in the module’s software can cause error events. Some of these
errors are non-critical and may happen once in a while. Statistics on these errors
are collected and if they happen to frequently or if a critical error occurs, a message

is sent to the Data Central and the module’s state is updated.

Module states

The module’s state is changed by errors and by normal product operation. The
module’s state determines how the module functions. There are four states.

e Passive

e Service

e Active

e Defect
Figure 73 shows the states and the possible transitions between the states.

The Defect state is entered when an error is preventing normal operation. Only a

service technician can change from Defect state to Active state.

The Service state is entered when a threshold of non-critical errors has been
reached. When in service state, all measurements are done as normal, but the state
indicates that manual service is necessary to fix the problem before it becomes

critical. A service technician changes the module from Service state to Active state.
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The Active state is the normal state when module is installed, calibrated and running

normal. Changes from the active state are caused by errors or by a technician.

The Passive state is the state a non-calibrated module starts in. It indicates the
module needs calibration. The module’s state changes to Active when it is

calibrated.

The system state closely cooperates with the Man-Machine-Interface. (See

communication section)

Communication

Description:

The module’s communication contains two functions:
1) A Man-Machine Interface (MMI) consisting of 10 LEDs. These LEDs
are used to make the module’s current state visible to on-site operators.’
2) The module is connected to a CAN bus. This permits the module to
communicate with the other modules on the CAN bus and the PC when
the module is being calibrated. Reference is made to Fig.' 74.

Input: Method Output:-
Error State CAN Messages
Error Data Decoded message

Calculated Data
CAN Messages

Method:

Man-Machine Interface

The module’s Man-Machine Interface (MMI) displays the current state of the unit.
The MMI looks like figure 75
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The MMI contains 10 LEDs that have the following functions:

1-3)
These LEDs are green, yellow and red and they represent the unit’s state.

Respectively they represent “Unit OK”, “Service Needed” and “Unit Defect”

4)
The fourth LED shows the state of Binary Output 1. If the output is high, the LED is
on.

9)
The fifth LED is not currently used.

6)
The sixth LED shows the state of Binary Input 1. If the input is high, the LED is on.

7)
The seventh LED shows the state of Binéry Output 2. If the output is high, the LED

is on.

8)
The eigth LED is not currently used.

9)
The ninth LED shows the state of Binary Input 2. If the input is high, the LED is on.

10)

The tenth LED is larger that the others and flashes when the system is being
calibrated by the PC calibration software. It also flashes when the unit is sending or
receiving external GSM communication. The LED also functions as a button and

resets the system if held down for 5 seconds.
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CAN Communication

All modules in the system are interconnected via an industrial type CAN bus. This
bus is used when the operator wishes to calibrated the units.

Prior to the module calibration, a PC with the calibration software is connected to
the CAN bus.

When the software is started, it communicates with all modules on the CAN bus and |
provides each module with a unique ID number. This ID number is used in all future

messages to and from the specific module.

The CAN bus is also used when an A-Module wishes to operate the power network
breaker. | .

The operation requires power and to minimize the power usage during breaking,
only one A-module is allowed to operate the breaker at any given time.

This is ensured by means of a “breaker token”. The token is held by the B-Module
during ordinary operation, and when an A-Module wishes to operate the breaker it
requests the token. If the B-Module has the token, it gives the token to the
requesting A-Module. The A-Module returns the token to the B-Module when the

break is performed.

Finally the CAN bus is used by the module to communicate with Module C. All
information that should be sent to the Data Central is sent as messages on the CAN
bus to Module C.

All messages send from the Data Central are received by Module C and forwarded
to the correct module by using the CAN bus. These CAN messages are decoded
and the module performs the action requested by the Data Central.

The Data Central can request the current module measurements, it can request the
breaker state and it can request a change of the breaker state.
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Module C description

Module C functions as a bridge between the Data Central and the other modules in

the system.

~This is shown in figure 76.

Communication

Description:

The module functions as a bridge between the other modules and the Data Central.
This bridging consists of two functions
1) Reception and encoding of messages received on the CAN bus from
other modules and sending of these to the Data Central.
2) Reception and decoding of messages from the Data Central and
forwarding of these messages to the other modules via the CAN bus.

Reference is made to Fig. 77.

Input: Method Output:

CAN Messages External Messages
External Messages CAN messages
Method:

Sending of external messages

The module is connected to other modules of type A and B via the CAN bus. These
other modules send CAN messages to the C-module when they wish to
communicate with the Data Central.

Because the data to the Data Central often consists of more information that can be
contained in one CAN message, the C-module handles the gathering of CAN
messages and sends the information when all data is received.

The message can be sent to the Data Central using any of a number of

communication standards including SMS and GPRS.
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Reception of external messages

The Data Central sends messages to the C-module using any of a number of
communication standards including SMS and GPRS.

Upon receiving the message the module decodes it and divides it into a number of
CAN messages.

These CAN messages are sent to the appropriate A- or B-Type module on the CAN
bus. ' |

The message can be sent to the Data Central using any of a number of

communication standards including SMS, GPRS.

Man-Machine-Interface

The module’s Man-Machine Interface (MMI) displays the current state of the unit.
The MMI looks like figure 78

The MMI contains 10 LEDs that have the following functions:

1-3)
These LEDs are green, yellow and red and they represent the unit’s state.
Respectively they represent “Unit OK”, “Service Needed” and “Unit Defect”

4-6) A
These three LEDs are not currently used.

7)
The seventh LED flashes when external‘ messages are sent or received.

8-9)

These two LEDs are not currently used.

10) .
The tenth LED functions as a button and resets the system if held down for 5

seconds.
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The following describes a hardware implementation for the apparatus according to
the present invention, hereafter referred to as Modul A. The document describe the

different demands for the signals connected to the device.

The document is split into the following sections.
- General demands for the module.

- Specified demands for each in/output.

The modul A shown in Fig. 82 is used for measuring the current, in 3 MV phases at
the same time. Each measurement can be done by using a Fiberoptic Faraday

Effect Sensor. In this document this sensor will be referred to as a FFES.
The module has the following inputs and outputs:

e 3 x light outputs. Wavelength eq. 620nm.

e 3 xlight inputs. Wavelength eq. 620nm.

e A 24V DC output for handling a external relay.

o 2x24VDC ihput. For external relay status

e CAN bus used for fransmitting and receiving data between units.
e 3x12VACinput (R, S, T).

e 1 analog power (24V DC).

The module is supplied from an analog power. This power line is a 24V DC power
connected to all units connected to the system.

To communicate between the different modules, a CAN bus is used.

A replicate of the phase voltage A,B and C is connected to the system via a 3x 12V
AC system. The phase voltage is used to measure the angle and and an RMS
calculation. These signals are created by the Master referred to as modul B.

In case of cable failures, the system is able to connect or disconnect and MV
breaker. This is done be a 24V DC output voltage signal. To detect the current state

of the external relay, two 24V DC inputs are available.
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To measure the current in an AC power line, an FFES shown in Fig. 83 is used. This
sensor uses light to indicate the magnitude of the current running through the cable.
For this a light output and input is available. The light used must have a wavelength
of 620nm.

The supply block shown in Fig. 84 is a unit supplying the module with digital power,
and 2 voltage references.

These references are designed to be precise and not affected significant by

changed in temperature. The voltages that are used are 2.048V and 4.096V.

Internally in the system the modules communicates via an industrial CAN network.
Communication speed is 125kbps. All commands are encapsulated in a single CAN
package except for SMS messages, which are transmitted as several CAN
packages. The uC in modul B uses a can controller and a can driver to perform the
communication. The CAN driver shown in Fig. 85 is used for converting data from a |
SPI bus to a CAN bus.

To protect the CAN buses 1/O's, a protection circuits is placed on its outputs. This
protection circuit protects the module against incorrect wire connections, ESD and
over current.

A level converter is be used to convert logic level signals to CAN bus signals.

To convert a SPI protocol to a CAN protocol, a CAN controller is used.

The 1/O block is used for connect to external signals.

To enable or disable an external relay, an 24V DC output is available. This output is
able to deliver 12A DC. To detect the current state of the breaker two 24V DC inputs

are available.

Output:
A 24V DC power lines that can be turned on and off.

Input:
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Two 24V DC digital inputs.

All I/O are protected against ESD and over current.

All internal I/O's, has 1. order low pass filters to remove high frequencies.

To turn on and off a 24V DC output, a relay is used. This is done to ensure that the
24V DC output is physically disconnected from the analog power line. The 24V DC
inputs are galvanic divided to secure the electronics. The 1/O block is connected to
the analog power lines to deliver the 24V DC signals.

Each module has 3 fiber modules, each with the same specifications. The fiber 1/0's
are connected to the FFES via 2 optical fibers. The transmittef diode has a constant
light output. When the light is sent through the FFES, the magnitude on its output
will be depending on the current running through the cable. A constant current has
to be sent through the output diode to make an offset larger than zero. When the

current in the cable variable, the light through the FFES variable proprotional.

The fiber output is used for sending light through the FFES as shown in Fig. 87. The
light must have constant light output. This means that the current through the light
diode must be constant.

The light received from the sensor shown in Fig. 88 is used for detecting the
magnitude of the current. It works as an detector diode, with higher amount of light
-equals higher forward voltage.

To supply the diode and filters, digital power is available.

To change the gain on the amplifiers, 4 gain control inputs are used. The amplifiers
must also have a 2.048V DC and a 4.096V DC reference.

The signal created by the photodiode detector is sent through filters before they can
be used.

To measure the efficiency in the transmission diodes and sensor, the DC voltage

level is measured. The DC voltage level is compared with the voltage level
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measured when the system was calibrated, it is possible to control the ageging of
the product. The cutoff frequency for the filter is 0.5Hz.

To measure the current and the phase without the dc component a 10Hz high pass
- filter is used.

To detect the amount of harmonic in the signal, a bandpass filter must be used. The
passband must have 2 different areas to work in. The first may be frequencies from
200Hz to 750Hz for ground cables The second may be from 600Hz to 1600Hz for
overhead lines. To change the area 2 inputs must be available.

To calculate the phase difference between the current and the voltage on a power
cable, the 3 phases R, S and T must be measured.

A protection circuit are placed at the 12V AC inputs, to protect against over currents
and ESD. Next a level converter must be present. It converts the 12V AC signals to
voltages that the main CPU can measure.

A filter must be inserted to remove noise higher than 50Hz, before the main CPU
can measure the phases. The filters are 3 x 1. order low pass filters with a 3db
cutoff frequency at 500Hz. |

To measure the internal temperature in the module, a NTC resistor shown in Fig. 89
must be present. It is used to detect if the internal temperature is to high. If this is
the case, a fatal error could happen, and the system could perhaps turn off.

To detect if the analog and the digital voltages are correct, the main CPU are
measuring the level of these signals. Before measuring them, they have to be

converted to a signal level as shown in Fig. 90.
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The module must have some indications on its current state. These indication only

shows the most vital information's. These information's are:

o External supply state.
e Unit state.
e Communication.

e 3 x short circuit direction.

To reset the indications on the diodes, a reset button must be present. You may not

be able to touch this button by a mistake.

The main CPU is the "brain" in the module. It is handling all the digital and analog
I/O's, and is doing all calculations.

It is determined in advance, that a micro controller from microchip will be used. A
PIC18 device is selected because of there high speed and large memory. To
determine how many pins is needed, we have to see how many inputs and outputs

it needs, vide Fig. 91.

This document describes the general demands for the Master, hereafter referred to
as Modul B. It describes the different demands for the signals connected to the

device.

The document is split into the following sections.
General demands for the module.

Specified demands for each internal module.

The Module B shown in Fig. 92 is the link between the internal modules and

external modules.

The module is supplying the other units with the correct powers. The analog power
isa 24V DC yoltage. This power is delivered from an external battery, and delivered
to the other modules. The Modul B is also supplying the rest of the system with tree
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12V AC power lines. These are used for measuring related to the 230V AC power

lines.

The Module B has some I/O channels. These channels are used for handling

external in- and out coming signals.

The analog power, 3 x 12V AC and the CAN bus are used in all the modules
connected to the system. This means that these output terminals must be multiplied

by 2, so no terminals are used twice (e.g. Two wires in one terminal).

The power block shown in Fig. 93 is working as a power supply. It is delivering the
power to the rest of the system. The power block is connected to an external battery
which is constantly recharged. This is done to make the supply as smooth as

possible.

The battery voltage is sent through a protection circuit. This circuit must have a fuse
to protect against ovef current. It also has a protection circuit that removes spikes.
The output from this protection circuit is used by the power demanding modules in
the Master. ‘ '

To supply the external modules, the battery voltage is sent directly to an output,

where external units can be supplied from.

To supply the low power modules in the Module B, the battery voltage is send
through another protection circuit and a filter. This is done fo protect the system and
remove noise.

The internal modules are powered by a digital power. To create the power line a
voltage level converting must be done. The output from the filter is converted to a
lower voltage level. This must be done by a DC/DC switch mode converter, to
minimize the heat output, produced by converting. To make the digital voltage more

smooth, a Iinear regulator must be added to the converter.
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Another voltage reference must be used when measuring AC signals. This
references are used for detecting zero passage. This is selected to the half of the
4.096V references which is 2.048V.

Internally in the system the modules communicate via an industrial CAN network.

Communication speed is 125kbps. All commands are encapsulated in a single CAN

" package except for SMS messages, which are transmitted as several CAN

packages. The uC in modul B uses a can controller and a can driver to perform the
communication. The CAN driver shown in Fig. 94 is used for converting data from
an SPI bus to a CAN bus.

To protect the CAN buses I/O's, a protection circuits are placed on its outputs. This
protection circuit protects the module against incorrect wire connections, ESD and
over current. | |

A level converter is used to convert logic level signals to CAN bus signals.

To convert an SPI protocol to a CAN protocol, a CAN controller is used.

The 1/0 block shown in Fig. 95 is used for connection to external signals.

To ensure that the temperature can be measured in different ways, 2 analog inputs

must be available. A 4 - 20mA input and a 0 - 5V DC input.

To shutdown the battery an output must be available.
To enable the battery charger an output must be available.

To ensure necessary used of 24V DC 1/O's, another 24V DC digital input must be
added, including 2 x 24V DC outputs, that can be switched on and off.
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This adds up to the following inputs and outputs:

Output:

e 2 x 24V DC power lines, that can be turned on and off by 2 relays.

Input:
- e 2 x24V DC digital inputs.
e 4 -20mA analog input.
e 0-5VDC analog input.

All external I/O are protected against ESD and over current.

All internal digital and analog inputs, have 1. order low pass filters to remove high
frequencies. 5 digital I/O's and 2 analog inputs are available on the microcontroller
that is used.

To turn on and off a 24V DC output, a relay must be used. This is done to ensure
that the 24V DC output is physically disconnected from the analog power line.

The 24V DC inputs must be galvanic separated to secure the electronics,

To measure a temperature, 2 analog inputs are available.
The firstis a 4 - 20mA input; This input is galvanic separated from the internal
electronics. It also needs a current to voltage conversidn.
The second one is a 0 - 5V DC input. This is also galvanically separated to the

internal electronics.

The AC block shown in Fig. 96 is creating the 12V AC signal used for
measurements and calculations in other modules. It also creates an AC signal that

the module B can use for magnitude measurements.

The 3 x 230V AC power lines, are only used for measurement, and not used for
supplying any modules. The A, B and C lines are all connected to a protection
module, to prevent short circuiting the 230V AC power lines. It is also removing

potential spikes that occurs.
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The 230V AC power lines, are converted to 12V AC lines before they are used. This
is also a galvanic divider.

Next the 12V AC signals are put through another protection circuit. This circuit
protects against over current, if any of the 12V AC lines are short circuited.

Next the 12V AC power lines are put through a 1. order low pass filter, with a 3db
cutoff frequency at 500Hz. The output from this filter is used by the other modules in

the system.

The main CPU is handling all the digital and analog I/O's for the module B.

It is determined in advance that a micro controller from microchip will be used. A
PIC18 device is selected because of their high speed and large memory, vide Fig.
97.

The objective of the following is to define the network protocol for the
communication between the different modules of the DISCOS project including

communication with a server system.

Figs. 98 to 126 are schematic block-diagrammatic views of implementations of

modules as descirbed elsewere.

Figs. 127 to 130 are schemtic views of subjects disscussed in relation to a

communications protocol found below.

Network survey

The DISCOS system communicates with the server system through a protocol
converter (The Communication Unit). The communication medium between the

server system and the DISCOS system is transparent, why a new communication

medium easily can be implemented exchanging the Communication Unit.

Internally the DISCOS system communicates via a CAN network.

The network is build as a distributed master slave network with the server as
master. Reference is made to Fig. 127.
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Server-DISCOS configuration

Today SMS messaging is choosen as communication medium, why the
Communication Unit is equipped with a GSM Modem.

The Communication Unit is transparent for both the DISCOS and the server system,
why this document only regard this as a medium and initialization and other

considerations is done elsewhere.

DISCOS-CAN configuration

The DISCOS CAN network consist of a primary Master, 0 to 2 secondary masters, 0
— 8 OPTI units pr. Master and a Communication Unit.
During installation, debugging and boot loading a PC will be connected to the
DISCOS network. Reference is made to Fig. 128.

The figure at right gives an overview over a typical DISCOS cdnfiguration ina

substation.

Network addresses

The network is addressed with the actual Station ID combined with the bay the
actual unit monitors.

The server keeps track of the mobile phone number for the different stations as well
and the CAN ID for all the units installed in the stations.

Station ID, mobile phone number, Bay ID’s for the monitored bays and the CAN ID’s
are automatically registered at the server during installation.

The picture to the left shows a sub-station equipped with 4 DISCOS Optl and a
DISCOS Master. The Communication Unit is not on the picture due to the fact that it
is transparent to the server. Reference is made to Fig. 129.

Broadcasting on the DISCOS Bus

Broadcasting for a full Sub Station — all connected DISCOS Units on a

Communication Unit — is done setting the CAN-id to zero. If a broadcast message is
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received from the server the BAY ID field isn’t checked in the message and all

connected units will response as if it was an ordinary request.

Layer Description

The protocol for the DISCOS Project implements the Physical Layer, the Data Link
Layer and the Application Layer. Other layers of the OSI| model are not regarded as

necessary for this application.

Implementation in the server end is not covered in this document, while the

implementation depends on size and type of the server system.

Server communication

Physical layer

The physical layer carrying the communication between the server and the DISCOS
Systems is based on SMS messaging in the first generation of the DISCOS System.

Data Link layer

The Data Link layer handles all acknowledging between the server and the DISCOS

system.

All packages from the DISCOS System to the server need to be acknowledged by
the server. If acknowledge hasn't been received in 2 minutes the package is
transmitted once again. This is repeated 3 times before the package is flushed. The
sending unit is responsible for retransmission and keeping track on the different

acknowledges.

All server requests initiates a response from the requested unit, why an
acknowledge is not necessary. The server also retransmits packages on no

response 3 times with 2 minutes interval.
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Application layer

The Application layer handles the protocol conversion from server messages to
CAN packages and vice versa. This is done due to the fact that a CAN package only

carries 8 bytes of data.

All server messages are repacked in the Communication Unit and in the receiving

. unit. This is described further in the DISCOS CAN Protocol description.

The application layer handles the address checking and generation when sending

and receiving server messages.

Due to security reasons the Communication Unit flushes messages from other
phone numbers than the server system. Equally, all messages from the DISCOS
Systefn are send to a specific phone number. |
It is possible to change the approved phone numbers via the TTY interface, through

a GPRS channel and in some constellations through the CAN network.

DISCOS-CAN communication

Physical Layer

The CAN 2.0b is used as the basic platform for the physical layer. Communication

speed is set to 125kbps.

Network Layer

The Network layer on the CAN bus follows the CAN standard. This layer takes care
of the error handling in case of faulty packages and will also handle bus conflicts.
The message frame is described by the CAN 2.0b standard. Extended data frames

are used.

Application Layer

The Application layer implements all communication handling on data packet level.

This includes command handling. The application layer uses the 1D and the Data
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part of the CAN 2.0b extended frame. Information about the 2.0b extended frame
can be found at http://www.kvaser.com/can/protocol/canprotl.htm

Server Commands

All messages between the server and the DISCOS system are transferred as raw
binary data or ASCII characters. All numbers are presented little endian except

timestamps, which are presented big endian.

Generally speaking a server message should not be deleted before an
acknowledgement or a response has been received. If this ack or résponse has not
been received within 2 min. the server message is retransmitted. An alarm-message
has priority over a response-message, therefore if an alarm occurs and response on
a request is to be sent the responée is deleted and the alarm transmitted instead.
There is no message-queue, if a new request-message is received before the

previous one is handled the new request is not processed.

After the detailed protocol description a scenario description is worked out. This is

done to describe the intentions behind the different commands/sequences.

Table of commands

Msg. no.

servi

Description

Get Bay status

Datafield
<MSGIN> <EQTY> <STID> <CANID> <BAYID> 01h
<MSG#> <SC>

serv2

Bay status

<MSGIN> <EQTY> <STID> <CANID> <BAYID> 02h
<MSG#> <TS> <IL1> <IL2> <IL3> <UL1> <UL2>
<UL3> <P> <Q> <ILP1> <[LP2> <ILP3> <RKIL1>
<RKIL2> <RKIL3> <JI> <IH> <L> <OP> <USL1>
<USL2> <USL3> <ROUT1> <BIN1> <BIN2> <SC>

serv3

Get Unit status

<MSGIN> <EQTY> <STID> <CANID> <BAYID> 03h
<MSG#> <TS> <SC>
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Datafield

servd | Unit status <MSGIN> <EQTY> <STID> <CANID> <BAYID> 04h
<MSG#> <PVER> <FVER> <TS> <U_STAT>
<8YS_STAT> <SC>
serv5 | Set output #x on Unit | <MSGIN> <EQTY> <STID> <CANID> <BAYID> 05h
#y <MSG#> <ROUT#> <SC>
serv6 | Output #x on Unit #y is | <MSGIN> <EQTY> <STID> <CANID> <BAYID> 06h
active/inactive <MSG#> <ROUT#> <SC>
serv/ | Get status for aux. <MSGIN> <EQTY> <STID> <CANID> <BAYID> 07h
inputs and outputs on | <MSG#> <SC>
Unit #y
serv8 | Status on aux. inputs | <MSGIN> <EQTY> <STID> <CANID> <BAYID> 08h
and outputs on Unit #y | <MSG#> <BIN1> <BIN2> <ANIN1> <ANIN2>
<ROUT1> <ROUT2> <SC>
serv9 | Initialization message | <MSGIN> <EQTY> <STID> <CANID> <BAYID> 0Sh
from server <MSG#> <U_TYPE> <U_STAT> <BIN1> <BIN2>
<ANIN1> <ANIN2> <ROUT 1> <ROUT2> <SC>
serv10 | ldentification message | <MSGIN> <EQTY> <STID> <CANID> <BAYID>
from Unit 0Ah <MSG#> <SC>
servi1 | Acknowledge on <MSGIN> <EQTY> <STID> <CANID> <BAYID>
packet 0Bh <MSG#> <ACKMSG#> <SC>
servl2 | Configuration message | <MSGIN> <EQTY> <STID> <CANID> <BAYID>
0Ch <MSG#> <CONPAR> <SC>
serv13 | Configuration <MSGIN> <EQTY> <STID> <CANID> <BAYID>
response ODh <MSG#> <CONPAR> <SC>
servi4 | Communication Error | <MSGIN> <DUMMY> <CANID> <SC>
servl5 | Unit Mode Request <MSGIN> <EQTY> <STID> <CANID> <BAYID>

OFh <MSG#> <U_STAT> <SC>
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Msg. no. Description Datafield
serv16 | Unit Mode Status <MSGIN> <EQTY> <STID> <CANID> <BAYID> 10h

<MSG#> <U_STAT> <SC>

<PQMAX> <SC>

Serv17 | Get Bay power <MSGIN> <EQTY> <STID> <CANID> <BAYID> 11h
<MSG#> <SC>
Serv18 | Bay power <MSGIN> <EQTY> <STID> <CANID> <BAYID> 12h

<MSG#> <PQMAX> <PQMAX> <PQMAX>
<PQMAX> <PQMAX> <PQMAX> <PQMAX>

Field description

N Ficld Len Description Notation
(byte) |
MSGIN 1 Message Indication. ASCII
- encoding: ? > Request which requires response.
I > Alarm message. '
. > ACK on message without response
: > Response on message
EQTY 6 Equipment Type. Search string to server to make it ASCII
possible to distinguish between different system types.
Example:
- NESA DISCOS 10/04 Station Surveillance > 741001 > 373431303031h
STID 5 Station identification specifying in which transformer station | ASCII
the unit is located.
CANID 1 CAN-address in the actual DISCOS network/transformer- | Binary
station
BAYID 5 Bay identification for Optl Units or transformer identification | ASCII
for Master Units '
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Description

All message sequences are numbered. The message
number (MSG#) is generated by the initiating part — either
server or unit. t ’

The MSG# is the same for all messages in the actual

message sequence.

The MSG# rolls over to zero at 1.000.
- Range: 0-1.000
- Presentation: little endian

Example:
- Message number 447 > 1BFh

PCT/DK2005/000737

Notation

Binary

ACKMS
G#

Number on the message which is ACK’ed — same number
as MSG#.

SC

Sum check. Sum.of total message including SC must equal

Zero

Binary

TS

Timestamp on the following format YYMMDDHHMM

Example:
- kl. 21.27 d. 21/10-2003 > 030A15151Bh

Binary

L1
L2
IL3

Average RMS current value. Averaged over 2 sec.
- Range: 0 — 25kA
- Resolution: 1A
- Presentation: unsigned 16 bit
Amp with 0 decimal places
little endian

FFFFh represents no measurement

Example:
- 280A > 0118h

Binary
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Field Len Description Notation
(byte)
UL1 1 Average RMS voltage value. Binary
uL2 - Range: 0 — 12kV for feeder bay
UL3 0 — 250V for transformer bay
‘ - Resolution:  0,05kV for feeder bay
1V for transformer bay
- Presentation: unsigned 8 bit
0,05kV with 2 decimal place for feeder bay
Volt w/0 decimal places for transformer.
FFh represents no measurement
Example:
- 12,4kV in Feeder bay > F8h
- 230V in Transformer bay > E6h
P, Q 2 Active and reactive power. Binary

- Range: -/+320000kVA/kvar for feeder bay

-/+3200000 VA/kvar for transformer bay
- Resolution:  10kVA/kvar for feeder béy

| 100VA/kvar for transformer bay

- Presentation: signed 16 bit

10 kVA/kvar for feeder bay

100VA/kvar for transformer bay

little endian |

7FFFh represents no measurement

Example for feeder bay:

~ 175.140 kVA > 446Ah
Example for transformer bay:
- 684400 VA > 1ABCh
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Field Len Description Notation
(byte)
ILP1 2 | Actual RMS peak current value. Averaged over 40msec. Binary
ILP2 - Range: 0 — 25kA
ILP3 - Resolution: 1A
- Presentation: unsigned 16 bit
Amp with 0 decimal places
little endian
FFFFh represents no measurement
Example:
- 10.800A > 2A30h
RKIL1 1 Direction for peak current. ASCII
RKIL2 - encoding: - > No alarm
RKIL3 F > Forward, current flow against line
B > Backward, current flow against station
| > Direction annown.
Ji 1 Earth fault indication. ASCII

- Encoding: - > No alarm
A > Earth fault present
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Description Notation

H 2 Harmonic current level. Binary

- Encoding: First byte is the error factor defined by

short
measurement divided by long
measurement. o |
Second byte is not used at the moment
and
will be set to 00h.
FFh at second byte represents no
measurement.
- Range: 0,0-25,5
- Resolution: 0,1

- Presentation: unsigned 8 bit with 1 decimal place.

Example:
- a factor of 1,6 > 1000h

L 2 Minimum reactance calculated if more than one RKIx Binary

indication is Forward. ’
- Encoding: FFFFh if les than 2 RKIx indicates
Forward.
- Range: 100hm
- Resolution:  0,010hm
- Presentation: unsigned 16 bit
Ohm with 2 decimal places
little endian

FFFFh represents no measurement

Example:
-~ 1,830hm > 00B7h

oP 1 Open Phase alarm is reported when asymmetry in the ASCII

10kV currents is detected.
- encoding: - > No alarm
O> Open Phase Alarm
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Field Len Description Notation
(byte) ,
USLA1 1 Supervision of voltage levels on 0,4kV side of transformer. | ASCII
USL2 - encoding: - > No alarm
USL3 - H > Too High Voltage
L > Too Low Voltage
N > No Voltage
BIN1 10 | Status of binary input: ASCII
BIN2 - encoding <input><status><alarm>
-- input Presentation of functionality
8 ASCII characters.
-- status A > Input Active
| > Input Inactive
- > Undefined
-- alarm - >No Alarm
A > Alarm
ANIN1 11 | Status of analog input: ASCIH &
ANINZ - encoding: <input><value><alarm> binary
- input Presentation of functionality

8 ASCII characters

-- value ~ Binary value from AD-converter

unsigned 16 bit

no measurement unit

FFFFh represents no measurement

little endian
- alarm - (ASCII) > No alarm
A (ASCII> Alarm
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Field Len Description Notation
(byte) .
CONPA 3 Configuration packet. Change of specific parameters listed | Binary
R in the datasheet for the actual product.
- encoding: <pointer> <value>
-- pointer Pointer to memory location
unsigned 16 bit
little endian
-- value New data value
unsigned 8 bit
Allocation table is present in the datasheet for the actual
product.
U TYP 2 Unit type to be registered at server. ASCII &
E - encoding: <unit type> <configuration> Binary
-~ unit type M — DISCOS Master
O — DISCOS Opti
C - DISCOS Cover
-- configuration Master configuration
0 — DISCOS Master (primary)
1 — DISCOS Master (secondary)
Opti configuration
0 — DISCOS Opti (Line bay)
1 — DISCOS Opti (Transformer bay)
Cover configuration
TBD
U_STA 1 Status of the unit. ASCII
T - encoding: - — Request of actual status
A — Active
S — Sevice
D - Defect

P — Passive
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Field Len Description Notation
(byte)
DUMM 11 Dummy bytes inserted to keep right position for CAN ID na
Y according to standard messages.

Communication Unit can not be configured on site, why
EQTY and STID is unknown to the unit and phonenumber
.| the only identification of the actual station.

SYS Status of the actual unit. The parameter array is specified
STAT in the actual datasheet.
- encoding: unit dependent parameter array

array[<parameter> <value> <status>]
-- paramter 8 ASCII characters
-- value unsigned 16 bit
-- status - > Normal operation

S > Service needed

D > Defect
ROUT1 9 Activation of/status of relay output. ASCII
ROUT2 - encoding <relay><state>
-- relay Presentation of functionality
8 ASCII characters
-- state A > Output Active
| > Output Inactive
- > Undefined
PVER, 4 Protocol and Firmware version information. ASCII
FVER - encoding 4 ASCII characters.

Example:
- “0102" > version 01.02
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<8maxTS> <pmax> <gmax>

Timestamp for the value set. For details on

fbrmat see <TS>

Active power, see <P> for format.

Field Len Description
(byte)
PQMAX | 9 | Daily power maximum
- encoding:
-- SmaxTS
-- pmax
-- gmax

Reactive power, see <Q> for format.

Notation

Binary

Scenario Description

Server to DISCOS scenarios

Server action

SMS

msg#-dir.

Communication

Unit action

CAN

msg#-dir.

DISCOS unit action

(Unit: Optl, Master,...)

TR .. BAY STATUS REQUEST = Ry
GetBaystatus, Unit serv1 o SMS to CAN _ | EXT_MSG | Unit #y réturhs Bay
#y -> conv ->
Status is interfaced for | serv2 |CANtoSMS | EXT_MSG | status data for server -
SCADA system. <- conv <- system
Acknowledge on serv2 | servi1 |SMSto CAN - | EXT_MSG | Removal of message
message -> conv. -> from buffer
“ e ~ 'UNIT STATUS REQUEST. - B ..
Getunit status, Unit iy | serv3 | SMSto CAN | EXT_MSG | Unit #y returns unit
-> conv ->
Status is interfaced for | servd |[CANto SMS | EXT_MSG | status for server
SCADA system. <~ conv <- system.
Acknowledge on serv4d | servi1 |SMSto CAN EXT_MSG | Removal of message |
message -> conv. -> from buffer
- RELAY ACTIVATION REQUEST |
Set output #x on Unit servb | SMS to CAN EXT_MSG | Output #x at Unit #y
#y active/inactive -> conv -> is operated — Result
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Server action SMS  Communication CAN - DISCOS unit action
msg#-dir. Unit action msg#-dir. (Unit: Optl, Master,...) g
| Status is interfaced for | servé | CAN to SMS EXT_MSG returned to server.
SCADA system. <~ conv. <-
Acknowleage onservé | servil |SMSto CAN EX:I-':M_S—C-S" "Removal of message .
message > conv. -> from buffer
R " - BlNARYIANALOG STATUS REQUEST GRS
Gotsiatus for binary & | servy | SMS to CAN EXT_MSG | Unit #y retums status |
analog inputs, Unit #y -> conv. -> for binary and analog
 Status is interfaced for | serv8 |CANto SMS | EXT_MSG |inputs for server |
SCADA system. <- conv. <- system
' Acknowledge on serv8 | servi1 | SMS to CAN 'EXT_MSG | Removal of message
message -> conv. -> from buffer

CONFIGURATION REQUEST; B

EXT MSG

’ Set cdnfiguration value eeN12 SMS to CAN Value changed

in DISCOS Unit -> conv. -> according to
message.

| Status is interfaced for | servi3 [CANto SMS | EXT_MSG | New status is send to
SCADA system <- conv. <- server

 Acknowledge on | servi1 |SMSto CAN | EXT_MSG | Removal of message
serv13 message -> conv. -> from buffer

' ' MODE CHANGE (MATCH/UNMATCH) =~ .

Match or Unmatch sorvi5 |SMSto CAN | EXT_MSG | Mode is set according
situation or request for conv. -> to requested data.
actual status.

[ Status is interfaced for | servi6 | CANto SMS | EXT_MSG | New status sendto
server system conv. <- server.

BAY POWER REQUEST
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Server action SMS Communication CAN DISCOS unit action
msg#-dir. Unit action msg#-dir. (Unit: Optl, Master,...)
Get Bay power, Unit Serv17 | SMS to CAN EXT_MSG | Unit #y returns Bay
#y -> conv. -> power ‘
Status is interfaced for | Servi8 | CANto SMS | EXT_MSG | status data for server
SCADA system. <- conv. . <= system.
| Acknowledgeon | servi1 [SMSto CAN | EXT_MSG | Removal of message
| serv18 message -> conv. -> from buffer

DISCOS to server scenarios

DISCOS unit action Communication SMS Server Action

(Unit: Optl, Master,...) msg#-dir. Unit action msg#-dir.
oo e et BAY ALARM MESSAGE - : L
Bay information is EXT_MSG | CAN to SMS conv. | serv2 | Alarm is interfaced for

send on the following -> -> SCADA System
alarms: '
e Short-circuit
indication
e Earth fault
e Phase fault
e High & Low
voltage fault
Removal of message | EXT_MSG | SMS to CAN conv. | serv11 | Acknowledge on
from buffer <~ <- serv2 message
_ UNIT ALARM MESSAGE - o
Unit status is sen‘d dn EXT_MSG CAN to SMS conv. | serv4 | Alarm is interfaced for
the following alarms: -> -> SCADA System

e Supply fault

Removal of message | EXT_MSG | SMS to CAN conv. | serv11 | Acknowledge on

from buffer <- <- serv4 message
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, " BINARY AND ANALOG INEUT"ALARM MESSAGE
Alarms for binary and | EXT_MSG | CAN to SMS conv. | serv8 | Alarm is interfaced for
analog inputs is send -> -> SCADA System

when an alarm
situation has been
present for more than

the set timeout period.

Removal of message | EXT_MSG | SMS to CAN conv. | servi1 | Acknowledge on

from buffer : < <- serv8 message
‘Service, defector | EXT_MSG CAN to SMS conv .' seerv16A Modechange lS -
repair situation at -> ' registered in server
DISCOS Unit end.

Removal of message | EXT_MSG | SMS to CAN conv. | servi1 | Acknowledge on

from buffer <- <- serv16 message

:,,CQQMMUNICATION ERROR | . i N
3 fa:ii"i»n’gﬂ " SMS generation / serv'1‘4 Alarfh is inteﬁaced for
messages -> SCADA System
in 10 min. |
Removal of serv10 | Acknowledge is send
message from <- for Communication
buffer | Unit

Examples on handling of errors during SMS communication

Server action SMS Communication CAN DISCOS unit action

" msg#-dir. Unit action msg#-dir. (Unit: Optl, Master,...)

Multiple BAY STATUS REQUEST
Get Bay status, Unit servl | SMS to CAN EXT_MSG

#y -> conv. ->

Unit #y returns Bay
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CAN
msg#-dir.

DISCOS unit action
(Unit: Optl, Master,...)

SMS Communication

msg#-dir.

Server action

Unit action

Get Bay status, Unit servl | SMS to CAN EXT_MSG | Unit'#y drops

#y -> conv. -> request, because
only one sms is
handled at a time.

Status is interfaced for | serv2 | CANto SMS | EXT_MSG | Status data for server |
SCADA system. <- conv. <- system (response on

1st request).

“Acknowledge on serv2 | servi1 [SMSto CAN | EXT_MSG | Removal of message
message -> conv. -> from buffer
Gét unit's'tatu's,'Unit' #y servi SMS to CAN&' EXT_MSG Umt #y returns unit

-> conv. ->

Statusislost | serv2 |CANtoSMS | EXT_MSG | status for server

<~ conv <- system

Status is interfaced for | serv2 |CANtoSMS | EXT_MSG | After 2 min. and still
SCADA system. <- conv. <- no ack, the status-

sms is retransmitted.

" Acknowledge on'serv2 | servi1 [SMSto CAN | EXT_MSG | Removal of message
message . -> conv. -> from buffer
Get Bay stétu‘s, Unit sérv“l': SMS to CAN — EXT_MSG Unit #y returns 'Bay
#y -> conv. -> '

Status is interfaced for | serv2 |CANto SMS | EXT_MSG | status for server |
SCADA system. <- conv. <~ system
Acknowledge on serv2 | servi1 |[SMSto CAN | EXT_MSG |Ackislost |
message -> conv. ->

Status is interfaced for | serv2 |CANto SMS | EXT_MSG | After 2 min. and still
SCADA system. <- conv. <- no ack, the status-

sms is retransmitted.
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Server action SMS  Communication CAN DISCOS unit action
msg#-dir. Unit action msg#-dir. (Unit: Optl, Master,...)
Acknowledge on serv2 | servi1 | SMS to CAN EXT_MSG | Removal of message
message -> " | conv -> from buffer
e ‘BAY STATUS,Z: R O R B
Gét Baﬁy“sta’\tu/s, Ur‘xit( serv1 SMS to CAN T EXT_MSG Unit #y feturns Bay’ ’
#y -> conv ->
| Status is interfaced for | serv2 | CAN to SMS EXT_MSG | Alarm occurs in unit
SCADA system. <- conv. <- #y and the response
is droped and alarm-
sms is transmitted
instead
| Acknowledge on serv8 | servi1 SV 15 CAN EXT_MSG | Removal of message |
message -> conv -> from buffer
"2 min. after the 1st Get | servi |SMSto CAN EXT_MSG | Unit #y returns Bay |
Bay status, the -> conv. ->
request is
retransmitted
Status is interfaced for | serv2 |CANto SMS | EXT_MSG |status for server
SCADA system. <- conv <- system
“Acknowledge on serv2 | servii | SMSto CAN | EXT_MSG | Removal of message
message -> conv. -> from buffer

Change of Unit Status on Server (e.g. registration)

A DISCOS Unit has 4 different functional levels (Active, Passive, Service and

Defect). These levels indicate the status of the actual unit and keep the Units

aligned with the registration on the Server System. The different levels are used as

follows:

- Passive
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o ADISCOS Unit is passive as long as a registration process (Matching)
hasn’t been performed against the server. Or if éwlhodé'changﬂe. R
message (SERV15) from the server has been received. A unit is only
passive during installation or reconfiguration of the installation. No
measuring is done while the DISCOS Unit is passive. Passive Units
sends a weekly alive message (serv4) to the server. All DISCOS Units
are born passive.

Active

o The DISCOS Unit is matched and works normally.

Service

o The DISCOS Unit works but a service threshold is exceeded why the
Unit requires service. The Service level can only be changed locally by
a service technician. Normal operation is still maintained.
Defect
o The DISCOS Unit is defect. No measuring is done while the Unit is

defect. The Defect level can only be changed locally by a service

technician.
Levels are changed according to the shown activities in the graph in Fig. 130.

Installing a DISCOS Unit requires that the presentation of the Unit on the Server is
correct. The Server information and the Unit setup is synchronized through the

Matching process.

Matching

Matching of the Server information and the DISCOS Unit setup is done as follows.
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Server DISCO | Description
S Unit/
PC
<- | serv1i0 | Identification message from DISCMAN regarding the actual
DISCOS Unit.
servil | > Acknowledge on serv10 message from DISCMAN.
servg | -> Initialization message from Server. Holds all fieldnames and
settings. Message is handled by DISCMAN and not by the
actual unit. V
<- | servl1 Acknowledge on successful setup of the DISCOS Unit send by
DISCMAN.
servis | -> Server requests DISCOS Unit to enter Service Mode.
<- | servi6 | DISCOS Unit responds with actual mode, which now is Service
mode. When the Service Technician finishes the installation
process, He asks the Unit to enter Active mode.

10

15

- DISCMAN is a PC based configuration software tool, which is connected to the

DISCOS bus during installation and service.

1. Example of serv2

The example here below shows a response on a “get bay status” from a feeder bay,

with an old over current alarm indication.

All data in the following example is represented on hexadecimal format.

21373431303031203136333707203337363402BF01030A1B1737800258024E0268
67687A036F02BC02C40478054246462D00FFF7002D2D2D2D464C445F3337363
44152454C41594F504E412D 52454C4159434C4F492D1Eh

Colors are only used as field separators.

Datafield Value

Translation Comment
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Datafield Value Translation = Comment
MSGIN 1 ! Indication of message from DISCOS
System to server.
EQTY 373431303031h | 741001 - 741: NESA Company number
- 001: DISCOS 1004 Surveillance
system
STID 2031363337h “1637” Station number 1637.
.CANID 07h CAN Address | CAN address of sending unit in station
7 1637.
BAYID 2033373634h “3764” Identifier for monitored Bay in station
1637.
MSG 02h serv02 Bay Status message
type
MSG# BFO1h ) 447 Message number 447
TS 030A1B1737h | 03.10.27- Actual alarm was detected 22.55 — 27/10-
| 22.55 03.
IL1 8002h 640A Average Current in L1.
IL2 5802h 600A Average Current in L2.
IL3 4E02h 590A Average Current in L3.
ULA1 68h 10,4kV Average Voltage in L1.
UL2 67h 10,3kV Average Voltage in L2.
UL3 68h 10,4kV Average Voltage in L3.
P 7A03h 8900kVA Average active power in bay.
Q 6F02h 6230kvar Average reactive power in bay.
ILP1 | BCOZh 700A Peak current at last alarm in L1.
ILP2 C404h 1220A Peak current at last alarm in L2.
ILP3 7805h 1400A Peak current at last alarm in L3.
RKIL1 42h B Direction of power at Peak current
moment.
RKIL2 46h F Direction of power at Peak current
moment.
RKIL3 46h F Direction of power at Peak current
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Datafield Value Translation = Comment
moment.
JI 2Dh - No Earth Fault detected.
H O00FFh - No measurement
L F700h 2.470hm Reactance from DISCOS System to fault.
OoP 2Dh - No Open Phase detected.
USL1 2Dh - Voltage faults Only detected at Master
Units.
USL2 2Dh - Voltage faults Only detected at Master
Units.
USL3 2Dh - Voltage faults Only detected at Master
Units.
ROUT1 | 464C445F33373 | FLD_3764A | Name of ROUT1: FLD_3764
63441h Status of ROUT1: Active
BIN1 52454C41594F5 | RELAYOPNA | Name of BIN1: RELAYOPN
04E412Dh - Status of BIN1: Active
Alarmstatus: - No Alarm
BIN2 52454C4159434 | RELAYCLOI- | Name of BIN1: RELAYCLO
C4F492Dh : Status of BIN1: Inactive
Alarmstatus: - No Alarm
SC 1Eh 1Eh Value which result in total sum of all bytes
gives zero.

DISCOS CAN protocol description

The DISCOS CAN is based on extended CAN Messaging. A message consists of a
29 bit ID field, an 8 byte data field and framing.
The command structure uses the ID field and the data field. The network layer

handles all framing.

29 bit ID 8 byte data
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The message ID consists of a 11 bit part and a 18 bit part which will be divided into
5 parts. ‘ 7

11 bit ID 18 bit ID

Type (4 bit) Recipient (7 bit) CMD (8 bit) Sender (7 bity  ExR-bits (3 bit)

10

15

20

25

Type

Defines the type of message and sets the priority. The lower the number the higher

the priority.
0001 : External Alarm message
0011 : Unit ID configuration messages
0101 : Internal Alarm message
0111 : Bootloading message
1000 : Normal operation message
1001 : Calibration message
1010 : Data messages
1011 : Debug message
Recipient

The ID of the receiving unit.

Broadcast to all units
PC

reserved for future use

W N2

Communication Unit
4—126: Other units
127: Non-configured unit
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Command

The commands are described in the CAN Commands section later on.

Sender

1 PC

2: reserved for future use
3: Communication Unit

4 —126: Other units

XER bits

Special function bits with the following encoding:

Bit x:
Reserved for future use.

BitE:
End Of Text (ETX) bit. It is used to signal that this packet is the last packet in the

series. An example could be transmitting a server message. This involves a number
of CAN messages before the full server message has been transmitted to the
Communication Unit. In the last package the ETX bit will be set and the
Communication Unit automatically transmits the server message.

If the full message isn't received in 5 éeconds the packet is regarded as corrupted

and therefore flushed. Retransmissions for server messages are handled hereafter.

-0-; Message is a part of a series of messages and not the last.

-1-: Message is either a single message or the last in a series.

Bit R:

--0: Message is not a Remote Request.

-1: - Message is a Remote Request. Recipient must answer with the

appropriate data.

Table of commands

The table of commands is described in the DISCOS_Protocol.xls.
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Here below is a couple of scenarios described to show the intention with some of

the commands.

Assigning an ID to a new unit

All new units that will be connected to the bus have ID 127. Once a new unit is
connected, it must be configured and hereafter registered on the server. This is
done using the configuration program DISCMAN. DISCMAN assigns a new ID to the
unit. This ID must be unique on the bus. An alert is given to the operatbr from
DISCMAN if an ID conflict is discovered.

The reassignment of an ID will take the following steps:

1. PC sends a message on the bus, requesting if any units have ID 127.

2. Ifaunithas ID 127, it will respond with a message. This message will contain
the unit’'s unique serial number in the 18-bit ID field. If more units have ID
127, the un_it with the lowest serial number will win the arbitration.

3. The PC receives the message cbntaining the serial number. The PC will then
send a new message. This message will contain the responding unit's unique
serial number and the new ID in the data field.

4. The unit with the serial number in the data field will change its ID to the 1D

received in the data field

These four steps will be iterated as long as a unit responds to the message from the
PC in step 1.

During normal use ID conflicts are only checked at the server end. This is done

comparing the messages from the units against the server database.

Sending or receiving a server message

Sending and receiving a server message requires a number of CAN packages per

server message, while a CAN message only includes 8 bytes of data.

1
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All server messages have high priority, why their message type is External Alarm.
The Communication Unit reloads the packages from CAN Network to server and

vice versa. The Communication Unit does not check the received data for formatting

5 or checksum errors, this is done at the server or the actual DISCOS Unit.

In the example here below the same server message is send both ways in the

system.
Data at DISCOS Unit Dir CAN ETX Server message
Packages
AAAAAA -> | AAAAAA 0 | AAAAAABBBBBCDDDDD
BBBBB BBBBB 0 | DDD
C C 0
DDDDDDDD DDDDDDDD 1
- A indicates Equipment Type (EQTY)
- B indicates Stations ID (STID)
- Cindicates CAN ID (CANID)
- D indicates random data values. .
AAAAAA <- | AAAAAABB 0 | AAAAAABBBBBCDDDDD
BBBBB BBBCDDDD 0 (DDD
C | DDDD
DDDDDDDD
- A indicates Equipment Type (EQTY)
- Bindicates Stations ID (STID)
- Cindicates CAN ID (CANID)
- D indicates random data values.
10 The following is a section of the table of commands which relates to server
messaging.
Type: ' 0001
Recipient: iiliii
Sender: iiiiiii
Name CMD xER Data Len Values/Range Comment
EXT_MSG 00001000 000 | SSSSSSSS 1-8 Extern Server Message

EXT_MSG 00001000 010 | SSSSSSSS 0-8 Extern Server Message with ETX set
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Legend:

Byte size:
S: Message

Bit size:
i

Package timing:
When sending a server message the first CAN message in the full package must be

delayed with 250 ms times the CAN ID of the sending unit. This is done to prevent
buffer overflows on broadcasts and multiple alarm situations. A delay between each

CAN message of minimum 30ms is also required.

Error handling:
All messages from DISCOS Unit to server need a acknowledge, why the

transmitting unit always will retransmit the message after the timeout period. If 3
messages is send without ETX bit in 10 minutes, the Communication Unit
automatically generates a servi4 message (see section with server commands for
further description).

Messages between server and DISCOS Units always need a reply, why the sender

always will retransmit the message after the timeout period.

Event priority:
Alarms are always prioritized in relation to requests. If an alarm event occurs while

responding on a request, the request message is send incomplete. The actual
DISCOS Unit forces the message to be transmitted incomplete sending a empty
package with the ETX bit set to the communication unit. The server is responsible of
retransmitting the request on timeout. If an alérm occurs during handling of an

previous alarm the last alarm is neglected.

Updating the clock
The system clock need to be synchronized frequently. The primary DISCOS Master

is responsible for requests for clock synchronization (NOP_SYNC_CLK) once every
day. All units requests for clock synchronization on power up. On power up all unit
initialize the clock to 00.00 9/9-99. Every unit must request for clock synchronization
15 minutes after power up. The primary DISCOS Master must request for clock

synchronization after 10 minutes.
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The clock in the Communication Unit is initialized to 00.00 1/1-70 on power up. After
power up the Communication Unit synchronizes the clock with the network clock
and broadcasts the clock on the DISCOS network (NOP_SET_CLK).

The following is a section of the table of commands which relates to clock

synchronization.

Type: 1000
Recipient: iiiiiii
Sender: Ofiiiiii

Len Values/Range

NOP_SET_CLK 00000101 Y:Year - range: 0-99 M:Month
-range: 1-12 D:Day - range:
1-31 H:Hour - range: 0-23
m:Minute - range: 0-59

NOP_GET_CLK 00000110 | 011 YMDHmM 5 | Y:Year - range: 0-99 M:Month
-range: 1-12 D:Day - range:
1-31 H:Hour - range: 0-23
m:Minute - range: 0-59

NOP_SYNC_CLK 00000111 011 0
Legend:

Byte size: »

Y: Year

M: Month

D: Day

H: Hour

m: Minute

Bit size:

i |D of the unit that is receiving or sending the message

As described the fiber optic Faraday Effect sensor creates only a point
measurement, when placing the sensor on a conductor. This means that the shape
of the B-field, the distance from the inductor and magnetic fields from nearby
inductors has an influence on the B-field passing though the sensor glassrod. If
calibration the on-site is done on only one inductor the sensor compensates
afterwards for the different B-field shape and distance from the inductor and
influence from other inducters, if they are en balance. If they are in unbalancing the

signal archived by the sensor can change due to the fact that the current are stabile
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in the inductor. To compensate the mutual inductance the calibration must be
performed at all three phases at the same time. When comparing the signal
measured on all the Faraday Effect sensors and all three third party measurement
systems it is possible to determine a 3x3 matrix with compensations constants. This
invention gives the possibility to mount a simple point sensor and still compensate
the signal from mutual inductance form other inductors. This is only valid if the

inductors are used in the calibration and they are fixed mechanically.

The current and phase angle from the three inductors measured by a calibration

system can be described as followed.

AZ0A = (Xa, YA) | Ix | = w/xi + yi

lg£68 = (X8, YB)
lc£0¢ = (Xc, Ye)

The magnetic B-field from the three inductors can be described as followed
BaZ6sa
Bg£06gs
Bc£0sc

>

The current in one of the three inductors can be described with a real and imaginary
value as shown below.
A1 B1 C1

Xp = Kaa * (BA * cos eBA) + Kap * (BB * cos eBB) + KAC * (BC * cos GB(;)

D4 (= Fq

VA = Kaa * (BA * sin eBA) + Kag * (BB *sin GBB) + Kac * (BC * sin eBc)
If the constants is known it is possible with the above shown equation to calculate
the current running in the specific inductor. The constants can be determined in the

3x3 matrix shown below during the calibration.

Xa A1 By C1 Kaa
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x8 = A1 B Ci* Kas
Xc A1 B1 C1 KAC
YA Dy Eq Fy Kaa
yv8 = DiEiF1* Kas
Yc Dy E1 Fy Kac

The equation is solved as 3 equations with three unknown variables. This invention
give the advantage to measure the current in unbalenced lines, during shortcircuit

siutation on one of the lines:
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POINTS CHARACTERISING THE INVENTION
The present invention may be charaterised by the following points:

1, An electric current measurement device, comprising:

a housing defining a first open end and a second open end opposite
said first open end,

a first sealing means having an aperture, said first sealing means
having an overall geometrical configuration corresponding to the overall geometrical
configuration of said first open end of said housing, said first sealing means further
comprising an aperture adapted for receiving a first optical fiber,

a first fixture means for fixating said first optical fiber,

a first optical lens having a reception part adapted for receiving said first
fixture means for mounting said first optical fiber in optical continuation with said first
optical lens, said first optical lens mounted in said housing,

a first polarisation filter mounted in said housing in optical continuation
with said first optical lens,

a glass rod received in and encapsulated within said housing in optical
continuation with said first polarisation filter, said glass rod being constructed from a
material having magneto-optical properties,

a second polarisation filter mounted in said housing in optical
continuation with said glass rod,

a second optical lens mounted in said housing in optical continuation
with said second polarisation filter, said second optical lens adapted for receiving a
second fixture means,

a second fixture means for fixating a second optical fiber, said second
fixture means received in said second optical lens,

a second sealing means for sealing said second end of said housing,
said second sealing means having an aperture for receiving a second optical fiber,

said second sealing means mounted in said second end of said housing end, and
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a first and second lid adapted for fixation to said first and second end,
respectively, of said housing, said first and second lid including an aperture for

receiving said first and second optical fiber respectively.

2. An electric current measurement device according to point 1 wherein:
said first and said second polarisation filters are mounted in
substantially parallel relation,
polarisation planes of said first polarisation filter and said second

polarisation filter are rotated 45°, respectively.

3. An electric current measurement device according to any of the
preceding points,

said glass rod being made from SF6.

4. An electric current measurement device according to any of the
preceding points,
said housing being made from a material exhibiting optical non-

transparency within the range at least 400 nm to 1000 nm.

5. An electric current measurement device according to any of the
preceding points,

»

said housing being made from Ulterm, alternatively Peek.

6. An electric current measurement device according to any of the
preceding points, said current measurement device further comprising:

a groove in said housing, said groove formed in said housing and
having a width corresponding to the length of said glass rod mounted in said
housing, alternatively, said groove being adapted for receiving an electrical

conductor.

7. An electric current measurement device according to any of the

preceding points, said current measurement device further comprising:
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at least one wirlg extending from said housing, said wing enabling said

housing to be mounted on a oblong electrical conductor.

8. A system for measuring high voltage current an electrical conductor,
said system comprising:

a light source, said light source being an LED based light source,
alternatively an incandescent light source,

a first optical conduit being a first optical fiber, said first optical conduit
conducting light emitted from said light source,

an optical electric current measurement device comprising:

a housing defining a first open end and a second open end opposite
said first open end,

a first sealing means having an aperture, said first sealing means
having an overall geometric}al configuration corresponding to the overall geometrical
configuration of said first open end of said housing, said first sealing means further
comprising an aperture adapted for receiving said first optical fiber,

a first fixture means for fixating said first optical fiber,

a first optical lens having a reception part adapted for receiving said first
fixture means for mounting said first optical fiber in optical continuation with said first
optical lens, said first optical lens mounted in said housing,

a first polarisation filter mounted in said housing in optical continuation
with said first optical lens,

a glass rod received in and encapsulated within said housing in optical
continuation with said first polarisation filter, said glass rod being constructed from a
material having magneto-optical properties,

a second polarisation filter mounted in said housing in optical
continuation with said glass rod,

a second opticr;l lens mounted in said housing in optical continuation
with said second polarisation filter, said second optical lens adapted for receiving a
second fixture means,

a second fixture means for fixating a second optical fiber, said second

fixture means received in said second optical lens,
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a second sealing means for sealing said second end of said housing,
said second sealing means having an aperture for receiving a second optical fiber,
said second sealing means mounted in said second end of said housing end, and
a first and second lid adapted for fixation to said first and second end, respectively,
of said housing, said first and second lid including an aperture for receiving said first
and second optical fiber respectively, said optical electric current measurement
device receiving said light from said first optical conduit,

a second optical conduit being said second optical fiber, said second
optical conduit receiving said light emitted from said optical electric current
measurement device,

a detection means for detecting said light emitted from said second
optical conduit and converting said received light to an electrical signal,

a processing means for processing said electrical signal from said
detection means so as to determine said high voltage current in said electrical
conductor,

a current measurement system for performing calibration
measurements for said system, and

a first communications means.

9. A system for mgasuring high voltage current in electrical conductors
according to point 8, said system further comprising:

a computer connected to a second communication means, said
computer located in a central location, and

said computer including a interface for communicating status of a

system for measuring high voltage current in electrical conductors to an operator.

10. A system for measuring high voltage current in electrical conductors
according to point 8, wherein:

said first and second communication means being a communications
network, such as the Internet, a local area network, a wireless local area network, a
wide area network, a global area network or a publicly switch telephone network,
alternatively said first and said second communication means constituted by a fixed

wireless network.

4
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11. A method of measuring high voltage current in electrical conductors,
said method comprising:

providing a light source, said light source being an LED based light
source, alternatively an incandescent light source,

providing a first optical conduit being a first optical fiber, said first optical
conduit conducting light emitted from said light source,

providing an optical electric current measurement device comprising:

a housing defining a first open end and a second open end opposite
said first open end,

a first sealing means having an aperture, said first sealing means
having an overall geometrical configuration corresponding to the overall geometrical
configuration of said first open end of said housing, said first sealing means further
comprising an aperture adapted for receiving said first optical fiber,

a first fixture means for fixating said first optical fiber,

a first optical lens having a reception part adapted for receiving said first
fixture means for mounting said first optical fiber in optical continuation with said first
optical lens, said first optical lens mounted in said housing,

a first polarisation filter mounted in said housing in optical continuation
with said first optical lens,

a glass rod received in and encapsulated within said housing in optical
continuation with said first polarisation filter, said glass rod being constructed from a
material having magneto-optical properties,

a second polarisation filter mounted in said housing in optical
continuation with said glass rod,

a second optical lens mounted in said housing in optical continuation
with said second polarisation filter, said second optical lens adapted for receiving a
second fixture means,

a second fixture means for fixating a second optical fiber, said second
fixture means received in said second optical lens,

a second sealing means for sealing said second end of said housing,
said second sealing means having an aperture for receiving a second optical fiber,

said second sealing means mounted in said second end of said housing end, and
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a first and second lid adapted for fixation to said first and second end,
respectively, of said housing, said first and second lid including an aperture for
receiving said first and second optical fiber respectively,

said optical electric current measurement device receiving said light
from said first optical conduit,

a second optical conduit being said second optical fiber, said second
optical conduit receiving safd light emitted from said optical electric current
measurement device,

providing a detection means for detecting said light emitted from said
second optical conduit and converting said received light to an electrical signal,

providing a processing means for processing said electrical signal from
said detection means,

providing a current measurement system for performing calibration
measurements for said system, and

providing a first communications means.

12. A method according to point 11, said method further comprising:
proving a computer connected to a second communication means, said
computer located in a central location, and
said computer i,ncluding a interface for communicating status of a

system for measuring high voltage current in electrical conductors to an operator.

13. A method according to point 11, wherein:

said first and second communication means being a communications
network, such as the Internet, a local area network, a wireless local area network, a
wide area network, a global area network or a publicly switch telephone network,
alternatively said first and said second communication means constituted by a fixed

wireless network.

14. A method of calibrating a system for measuring high voltage current in
electrical conductors, said method comprising:
providing an electrical conductor carrying high voltage current,

providing a Iigh:t source,
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providing a first optical conduit defining a first and a second opposite
end, said light source connected to said first end of said first optical conduit, said
light source emitting light into said first optical conduit,

providing a Faraday current measurement device defining a first and a
second opposite end, said first end of said Faraday current measurement device
connected to said second end of said first optical conduit, said Faraday current
measurement device receiving said light from said first optical conduit,

providing a second optical conduit, defining a first and a second
opposite end, said first end connected to said second end of said Faraday current
measurement device,

providing an optical detection means for converting said light to an
electrical signal, said optical detection means connected to said second end of said
second optical conduit,

providing a current measurement system performing a measurement of
the current in said electrical conductor,
performing said measurement of said electrical current in said electrical conductor,
said system for measuring high voltage current in electrical conductors calculating a

calibration constant, removing said current measurement system.

15. A method according to point 14, said method further comprising:
said system for measuring high voltage current in electrical conductors
periodically, alternatively aperiodically, recalculating said calibration constant by

measuring the AC and DC components of said electrical signal.

16. A method according to any of the points 14 or 15, said method further
comprising the steps of initially detérmining the DC component of said optical signal,
then periodically determining the DC component of said optical signal,

determining the actual AC component by multiplying the measured AC
component with the ratio of said initially determined DC component and said

periodically determinated DC component.

17. A method according to any of the points 14 or 15, wherein said Faraday

current measurement device is a device according to any of the points 1 to 7.
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CLAIMS

1. A monitoring system for detecting earth faults in an electrical power
supply grid comprising,

a plurality of monitoring devices mounted in a number of monitoring
locations, ’

said each of monitoring devices including a detector for detecting level
of harmonics in said electrical power, said level of harmonics detected in a specific
frequency range, said monitoring devices further including a memory device for
storing a harmonics reference value, said monitoring devices still further including a
processor for comparing said level of harmonics with said reference level, said
monitoring device including a communication device for transmitting an alarm
provided said level of harmonics is above said reference level for a specific period of

time.

2. The system according to claim 1, wherein said specific period of time is

one or two cycles.

3. The system according to claim 1 or 2, wherein said processor

calculates absolute content of harmonics and/or relative increase in harmonics.

4. The system according to any of the claims 1-3, wherein said monitoring
device further includes software to continuously or periodically adapt said reference
value to variations in harmonics caused by varying load conditions of said electrical

power supply grid.

5. The system according to any of the claims 1-4, wherein a multitude of
monitoring devices are located at each of said monitoring locations for monitoring a

multitude of phases in a multi-phase electrical power supply system.

6. The system according to any of the claims 1-5, wherein said system
further comprises a server receiving said alarms, said server including information

relating to said monitoring locations, said server determining direction of fault from a
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monitoring location based on said alarm and said information relating to said

monitoring locations.

7. The system according to any of the claims 1-6, wherein said monitoring
locations are transformer stations, said transformer stations including electrical
power input cables electrically connected to a transformer for transforming electrical
power in said electrical power input cables from a first voltage level to a second
voltage level being lower than said first voltage level, in the alternative, said
monitoring locations are branch points where a line of said electrical power supply
grid branch.

8. The system according to claim 7, wherein said detectors are positioned
at the primary side of said transformer and/or the secondary side of said
transformer.

9. A method for detecting earth faults in an electrical power supply grid,
said method comprising:

providing a detection device detecting harmonics level in a current
flowing in an electrical power supply cable, said detection device including a
communication unit for communicating with an external unit,

providing a reference value for said harmonics level,

comparing said detected harmonics level to said reference value,

provided said detected harmonics level is higher than said reference

4
value transmitting an alarm signal via said communication unit.

10. The method according to claim 9, wherein said detection device

includes an optical sensor for detecting said harmonics by use of Faraday effect.

11. The method according to claim 9 or 10, wherein said detection and

comparison is performed a specific number of times in each period.
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12. The method according to any of the claims 9-11, wherein said
harmonics are determined over a first period of time and a second period of time,
said first period of time being longer than said second period of time.

13. The method ac;ording to claim 12, wherein said first period of time is
less than 1 second and said second period of time is greater than 1 minute, such as
said first period of time being 10 to 800 milliseconds and said second period of time
being 1 to 20 minutes, such as said first period of time being 50 to 500 milliseconds
and said second period of time being 5 to 15 minutes, such as said first period of

time being 100 milliseconds and said second period of time being 5 minutes.

14. The method according to any of the claims 12-13, wherein said alarm is
transmitted provided a ratio of said harmonics level in said first period and said

harmonics level in said second period is above said reference value.

15. A method of communicating between a master unit and a plurality of
monitoring units monitoring’an electrical power supply grid, said master unit
comprising a communication unit connected to a wired or wireless network for
communicating with said plurality of monitoring units, each of said monitoring units
comprising a transmitter and receiver having a wired or wireless connection to said
network for transmitting a receiving data messages to and from said master unit,
each of said monitoring units comprising a memory unit for storing one message,

said method comprising:

said master unit transmitting a message to a specific monitoring unit or
a multitude of monitoring unit or all of said monitoring units,

said specific monitoring unit or said multitude of monitoring units or all
of said monitoring units receiving said message, provided said memory unit is empty
said monitoring unit storing said received message in the alternative provided a
previously received message is stored in said memory unit said memory unit

discarding said received message.
2

16. The method according to claim 15, wherein said method further

comprises:
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said monitoring unit transmitting a response to a message stored in said

memory unit.

17. The method according to claim 15 or 16, wherein said master unit
monitors if a response to said transmitted message is received with in a specific

period of time.

18. The method according to claim 17, wherein provided no response is
received within said specific period of time said master unit retransmits said
message.

19 The method according to claim 17 or 18, wherein said response sent by
said monitoring unit comprises voltage levels and/or phase information and/or fault

status and/or settings and/or indications.

20. The method according to any of the claim 15-19, wherein said network
is a GSM network, a 3G network, WLAN network, a PSTN or any other

communications network.

21. The method according to any of the claims 15-20, wherein said
message is in a short-message-service format or any text format or in the alternative

in any binary format.

22. A system for m:)nitoring and/or determining conditions at a first side of a
transformer by measuring currents at a second side of said transformer, voltages at
said first side being higher that voltages at said second side, said system
comprising:

an optical unit including an optical transmitter and an optical receiver
connected by an optical conduit comprising a sensor for sensing electrical fields,
said sensor being positioned at a cable at said second side of said transformer,

a memory unit for storing transformer related information, such as

transformer ratio and/or transformer vector group and/or transformer load,
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a processor unit for determining currents in said cable based on optical
power transmission from said optical transmitter through said optical guide and

received at said optical receiver.

23. The system according to claim 22, wherein said processor further
calculating voltage conditions on said first side of said transformer based on said

optical power transmission and said transformer related information.

24, The system according to claim 22 or 23, wherein said system further
comprises an output unit for outputting data representing said current and/or said

voltage conditions at said first side of said transformer.

25. The system according to any of the claims 22-24, wherein said system

is said monitoring unit of any of the claims 1-21.
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Minimum specification for microcontroller:

Do, power . A voltage ref. input for the 4.096V reference.
J A SPl bus.
CE . 1 digital output for fiber enable.
. 6 digital outputs for LED handling.
TR | )ital o for handing 24V bC
_ . igita or handling .
@ :__L—"“T_r__l . 3 x 4 digital outputs for gain control.
. 3 x 2 digital outputs for band select.
:ﬂ——’ . 1 digital output for changing phase gain.
. 3 AD inputs for phase measurements.
. 3 AD inputs for AC measurements.
SxAC 1 CP o cument ::.,o > . 3 AD inputs for DC measurements.
e e . 3 AD inputs for harmonic measurements.
. 1 AD input for Analog power measurement.
2Lnpmene . 1 AD input for digital power measurement.
3e4 1 Gain control mj . 1 AD input for NTC measurement.
(= Total 0's:
Vohage o ) Digital /O = 28 digital
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Fig. 133
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Zsource, L1 = Rsource * ] Xsource ZIine, L1 = RIine +j Xiine

Zia = UL/ L1 = Zine, L1t

Zio= U2/ 2= Zjne, L2
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