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1
1.1

FINAL SUMMARY
WP1: Network/grid modelling and system architecture

The general aim of WP1 was to develop the conceptual and theoretical framework on which a new
concept for mine power systems will be based. It included the preparation of power network models,
the analysis of alternative supply methods, defining the type and location of sensors and monitoring
points, establishing the requirements of new underground monitoring devices, and finally, defining
the specification of the formats and methods for exchanging data between all components of the
system.
Task 1.1. Mine Power Network/Grid Modelling
Objectives were (1) to appraise mine electrical system typologies and topologies, using data from all
partners, and (2) to create software models of a mine’s electrical network that can be used for
developing control strategies in WP4.
In the study of mine electrical system typology and topology, the topological types of electrical supply
networks used in heavy industry were studied. Particular attention was given to the additional topologies that could become feasible as a result of using satellite boreholes to reinforce a mine’s electrical
network as studied in WP2. Data on representative mine networks was collected. This work has been
reported in D1.1.
The modelling exercise required the development of a software model of a mine’s electrical network
that will be used in WP4. Two quite different software models were created (see below) and a physical
hardware model has been produced in T4.1. The software models were reported in D1.2.
The first model, the Three-phase Model, was based on a simplified version of the underground electrical network at Kellingley Colliery in the UK, and of the surface segment although it may easily be
adapted to any other mine. The model includes all the main elements of a typical underground electrical network, including transformers, breakers, loads and power factor correction capacitors. The
model allows three-phase faults to be applied, for example phase-to-phase or phase-to-earth so the
main use is in carrying out exercises that involve three-phase fault conditions.
For exercises that don’t involve a detailed analysis of fault conditions, the Load Model was created.
This allows real-world data of power against time, for all main colliery loads, to be “played back”
under software control. Sample control scripts were demonstrated in this task and the model then
adapted to simulate the KWK Ziemowit power grid in preparation for exercising control algorithms in
WP4.
Task 1.2. Analysis of Regulatory, statutory and tariff constraints
Objectives were (1) to analysis regulatory, statutory and tariff constraints of European electricity
markets, and (2) to review the status of both current and near-future ‘smart grid’ initiatives and
technology being developed by governments, policymakers and electrical utility companies across
the EU.
An analysis was carried out of the market in each of the countries involved in the project, key issues
including the pricing structure paid by the mine operators, regulatory matters, competition, the freedom to choose an electricity distributor, the availability of different pricing tariffs, and statutory
requirements. Also, the European legislation that applies to the electricity market throughout the
European Union has been summarised so that a broad picture could be seen of the constraints that
apply to the European coal mining countries not represented in this project. While every effort was
made to obtain specific information on the tariff types available to large consumers such as coal
producers, great difficulty was experienced in finding any electricity suppliers who would discuss this
topic except in the context of a sales opportunity. This work has been reported in D1.2.
A review was conducted into the status of current and near-future smart grid initiatives across the
EU. This concluded that a high proportion of all investment has been in smart metering installation
but not extending into the areas of self-managing supply, storage and demand that constitutes a
truly ‘smart’ system, nor of significant heavy industrial implementation of smart grids. With the governments of major EU economies still wedded to a traditional burn and distribute approach, it seems
unlikely that European directives of a firm nature to implement smart technologies on a wide scale
will appear in the near future. Needless to say, this European-wide view in no way detracts from the
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aims of this project, indeed it will probably be the success of such projects that will act as a catalyst
for projects of broader scope. It also further emphasises the novel aspects of the project.
Task 1.3. Architecture of surface / non Atex subsystems
The main objective of this task was to define the overall architecture of the M-SmartGrid system,
including the analysis of the hardware and software components of the system to be installed in nonhazardous areas (surface, underground pumping stations, as examples).
The main results in this task were internal working documents on the structure of surface power
networks in the mining partners, and the definition of the structure of the surface monitoring system.
Task 1.4. Architecture of underground (Atex) subsystems
The main objective of this task was to define the hardware and software components of the system
to be installed in hazardous areas faces, headings, belt conveyors, etc. The definition of the structure/architecture of this part of the systems was expected to be based on the activities in T1.3,
defining the specifications of components that will mirror the functionality of those to be installed in
non-hazardous areas.
The main results in this task are internal working documents on the structure of the underground
part of the power networks located in hazardous areas, and the definition of the structure of the
underground monitoring system.
Task 1.5. Specification of data exchange formats and protocols
This task had the objective of standardizing the methods for information exchange between sensors,
actuators and different computing engines, needed for the proper performance of the smart grid
management system. This standardization will be especially needed when integrating the computer
electrical network models within real time monitoring and control systems.
The main result of this task was the decision of using ModBus protocol, and preferably its variant
ModBus over TCP as the protocol of choice for new equipment, be it commercially available or developed in the Project. The use of classic ModBus RTU protocol should be limited to cases where a LAN
connection is not available.

1.2

WP2: Feasibility of grid reinforcement through satellite boreholes

The general aim of WP2 was to assess the viability and technological options for implementing alternate power distribution paths using boreholes from the surface.
Task 2.1. Borehole construction and survey
Objectives were to review the technologies required for intermediate depth well drilling to confirm
whether existing techniques are applicable to the requirements of this project.
It is anticipated that borehole construction would be undertaken by a drilling contractor so the various
contractual arrangements being practised in the drilling industry were appraised and potential contractors identified. Casing technologies and grouting / water inflow control were investigated.
Two main borehole surveying requirements have been identified and the available methods summarised. First is the need for positional surveying and second is the need for surveying the condition
and characteristics of the borehole and the surrounding geology during construction.
For positional surveying in non-magnetic rock in an open hole (i.e. with no casing, except near the
collar), magnetic methods may be used. Where there are magnetic anomalies a non-magnetic tool
must be used. Techniques for both methods were appraised.
In the oil and gas industry, borehole logging is used extensively to monitor the characteristics of the
borehole and surrounding geology while drilling. Techniques were investigated. The most important
requirements for this application is monitoring the cross-sectional dimensions and shape of the borehole and carrying out remote visual inspections. Methods applicable to both these requirements have
been reviewed.
A thorough understanding has been obtained of methods for drilling and casing a suitable borehole,
and to survey it while drilling to ensure that the path is correct and that the condition of the borehole
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and its casing meets the quality requirements. Existing methods were confirmed to be suitable. This
work has been reported in D2.1.
Task 2.2. Cable suspension, installation and hazardous atmosphere controls
The objectives were to review the types of cable that are appropriate for use in a borehole and to
determine suitable methods of support, including clamping to a separate support cable. A further
objective to examine installation rigs that would be applicable to the cable types and support methods
identified and to analyse hazardous area controls.
A survey was undertaken of international practice and installation examples of boreholes used for
grid reinforcement. It was determined that if a high tensile steel was to be specified for the armour
wire within the cable, then in principle, a single point suspension and self-supporting cable arrangement was technically feasible. A further option would be to incorporate a central suspension member
of high tensile strength within the cable. However, the cable arrangement considered to have least
technical risk is to utilise an external steel suspension rope with periodic clamping of the cable(s) to
the suspension rope. An appraisal of clamping methods was undertaken and recommendation made.
Installation methods for a suspended cable were investigated with emphasis on safety and protecting
the cable. A conceptual method was outlined. Consideration was given to the use of specialist contractors and emergency winders as used in mines rescue.
Following an initial appraisal of partial discharge monitoring in T2.3, the Rogowski coil concept was
further research here for detecting damage to the cable before it presents a hazard. Practical design
recommendations were made.
European health and safety legislation was reviewed to determine aspects that relate to drilling, cable
lowering, and operating boreholes of the type discussed in this project.
Task 2.3. Borehole electrical grid system topologies and components
Objectives were to review electrical grid topologies that become practical to implement using boreholes, and to research the use of partial discharge to detect any deterioration in the electrical system
insulation well before it presented hazardous conditions.
Work has examined how borehole cable ampacity rating may be defined against a range of underground electrical system demand scenarios and production systems. This has considered; electricity
demand, diversity in demand, cable de-rating, cable active cooling and cable distributed monitoring.
This limited appraisal into network topologies has shown that the use of boreholes into remote areas
of a mine allow electrical system topologies that are otherwise either impossible or impractical.
However, it was also found that the range of application of this technology is quite limited in the
European Industry. There are three factors that led to this conclusion: first, most underground operations are being shut down -all in western Europe-. On the other hand, the ones continuing operations are quite mature, with well-developed electrical infrastructure that not require supplemental
capacity. Finally, in several cases (i.e., Poland) this way of supplying power is not allowed.
Means were researched for detecting any deterioration in the electrical system insulation well before
it presented hazardous conditions. The proposed approach to this would be to use partial discharge
monitoring. In particular, research into the use of generic high frequency current transformers
(HFCT) and the Rogowski coil variant in particular (researched further in T2.2), has resulted in the
recommendation of this technique for high voltage power feeder cable monitoring application.
Task 2.4. Scoping of additional operational benefits and opportunities
In addition to grid reinforcement, additional secondary benefits could accrue from engineering further
direct means of access to the underground workings. Therefore the objective of this task was to
scope other operational uses of satellite shafts.
A feasibility study considered climate improvement, search and rescue support, and the transport of
minerals by hydraulic or pneumatic methods. The feasibility of obtaining several additional operation
benefits has been confirmed. This has been reported in D2.4.
The benefits in improving a mine’s climate can be summarised as:
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·

Providing greatly enhanced ventilation to deep mines by air conditioning and substantial dilution of local methane levels and respirable pollutants.

·

Providing of a cost-effective means of improving ventilation in mines which are very deep or
have limited life.

·

Maintaining an independent ventilation source as a back-up to the main fan.

For search and rescue, boreholes can be used to improve ventilation to remote areas to the benefit
both of rescuers and trapped miners. Additional rescue benefits include communication, provision of
food or materials to trapped miners, and emergency egress.
Using vertical boreholes for transporting minerals from an underground mine is in its infancy with no
reported applications and minimal research. There is potential for researching such an application
but this would be a major project, especially in the case of the shared use of a borehole constructed
for other applications.
Task 2.5. Scoping of post closure benefits and opportunities
The objective was to investigate the use of boreholes for several potential applications following
closure of the mine. The results are presented in D2.5 and summarised below.
Boreholes are considered suitable for post closure water sampling but it’s possible that the water
sampled in a remote district would not be representative of the whole mine.
Because in situ minewater treatment is not a mature technology, it must be concluded that there is
currently no application of existing boreholes for this purpose.
For many sites, grid reinforcement boreholes would be of adequate diameter for protective pumping.
There is possible concern over the positioning of the boreholes as these would tend to be towards
the lateral extremity of the mine so the boreholes could become isolated from other parts of the
mine.
Although potentially suitable for disposal of solid waste in slurry form, a comparatively small amount
of solid waste could be pumped into a mine via a remote borehole if the adaptation process were to
start following mine For this use to be viable, therefore, it would need to be carried out before
abandonment, as part of the closure process.
The use of existing boreholes is ideal for AMM extraction. A cost saving of £1,000,000 is estimated
on the drilling and, if the scheme is started immediately after mine closure, a further saving of
£50,000 - £500,000 would be achieved by using the mine’s electrical grid connection for export,
thereby obviating the need for a new grid connection.
It is unlikely that any boreholes constructed for the reinforcement of a mine’s electrical supply network will be suitably located to intersect with unmined coal reserves for UCG.
The use of boreholes for carbon capture shows promise, possibly in conjunction with AMM extraction.
Just as a borehole drilled into a laterally remote district of the mine would be in a good position for
AMM extraction, it would also be good for CCS which requires access to recently disturbed coal.
A borehole of the sort of diameter that might be used for electrical supply use would be suitable for
a small-scale heating project using minewater.

1.3

WP3: Sensors, actuators and modular control systems

WP3 included all activities in the project related with hardware development. Its general objective
was developing all hardware components needed for the implementation of the M-SmartGrids that
cannot be found readily in the market
Task 3.1. Sensors and Actuators
The goal of T3.1 was to develop specific sensors and actuators with high intelligence level (smart
sensors) for managing electric distribution gear, with wired and/or wireless connections.
Part of the effort in this task was oriented to the development of a power-measuring device and of a
cabinet-monitoring device, sharing a common hardware base. These included specific interfaces for
current and power measurement for the first, and special sensors, including a smoke sensor, for the
second. A novel optical power supply was also implemented.
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As result, it was developed a prototype for the measurement of electric current on medium voltage
systems via only two optical fiber lines. Since the optical fiber lines are electromagnetically inert,
both, the installation and operation in high voltage applications (especially in underground coal mining) can be done with minimal risk.
Another result is the device for monitoring electric cabinets, where the combination of multiple sensors for different physical parameters allows a significant improvement in monitoring the condition
of switch ear.
Other part of the effort was oriented to the development of interfaces and software for allowing the
direct connection of classic sensors to fieldbuses using standard protocols, like ModBus. Also, a power
monitor for low voltage (up to 1KV) gate end boxes with wireless interface was developed (AESW-W).
Task 3.2. Modular Control Systems
The goal of T3.2 was developing modular monitoring gear able of managing the sensors developed
in T3.1 and transmitting their readings to the mine power management system.
Consequently, activity in this task was addressed to the development of a modular control system.
After establishing functional requirements, some hardware development was done, in order to adapt
a Single Board Computer (SBC, Named MP-40) developed during Opti-Mine project to these requirements, including operational safety and a wireless interface with AESW-W power meter.
However, the main effort was done in the field of software development, oriented to implement
interfaces and protocols needed for allowing an easier deployment of control systems: A ModBus
server, and a web interface for configuring and monitoring the device.
Activity was completed with the submission to the Notified Body of all documents needed for ATEX
certification of the new devices
Task 3.3. Tailored diagnostic system for power stations of mining machinery
The goal of T3.3 was to implement a diagnostic system tailored for power stations and mining machinery.
After doing the basic hardware design of the diagnostic system, work was done on the means for
secure data transmission and visualization, on the integration of the sensors developed in T3.1 for
the acquisition of voltage, current, power and surface-temperature; and on establishing the methods
and developing software for information extraction / data compression.
The system can record data via up to 8 operational channels and further 8 vibration channels. This
powerful hardware was especially adjusted to the needs of the two “SmartGrid-Boxes” described
under Task 3.1 and has been ATEX-M2 certified in the frame of this M-SmartGrid project.
With regard to the software, DMT uses an in-house developed application, “X-Safe”-system (a software structured monitor system), which has been implemented in many different mines for the surveillance of a wide range of mining machines. “X-Safe” system is be equipped with an universal
measuring manager, which can be adapted to any kind of measuring hardware by using corresponding software-drivers..
Finally, the integration of the diagnostic system into other higher order monitoring system was carried out.
Two software interfaces to SCADA systems has been considered and implemented. A Modbus server
was completed and there is ongoing work for implementing PROFINET support.

1.4

WP4: Decision support systems and automatic network management

WP3 included most activities in the project related with software development. Its general objective
was developing the software modules needed for the implementation of the M-SmartGrids.
Task 4.1. Automatic electrical grid management system
The development of an automatic system for management of mine power grid under normal conditions (the AGM) was the task objective. The AGM managing the electric power grid in mine collects
information from the controllers and meters installed both in surface and underground switching
stations. It performs functions such as:
·

visualization of the grid,
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·

identification of the grid condition,

·

prediction of energy consumption,

·

supporting the operator decisions,

·

database processing.

The system enables generating graphs for time interval set by the user. For a given day or for
simulation, the system automatically calculates the average and maximum load value.
The module for prediction of energy consumption is based on the model of electricity grid and model
of load. Planning the switching-on operations is realized by user’s interface adapted for scheduling
the tasks.
AGM can be used in future for management of other electric power systems. After some small modifications, management of other system irrespectively to the used working medium (e.g. hydraulic
grids) will be possible.
In addition, the following two secondary activities were carried out. As an extension to the initially
planned work in T1.2, a physical (as opposed to software) model was developed. Also, research was
conducted into the use of fuzzy logic for control purposes
Task 4.2. DSS for grid management in nonstandard conditions
The goal of this task was developing a Decision Support System (DSS) able of advising operators in
situations that cannot be managed automatically.
The model of loads of electro power grid was adapted to the structure of grid in KWK Ziemowit mine
and its configuration became possible by connections in the switching station. The models of grid
were implemented directly in the main application to increase its effectiveness. Functions enabling
predicting the grid load based on the schedule operations of mine transportation were developed.
User’s interface, which enables to view the electro-power grid and its configurations, as well as user’s
interface enabling to plan the schedule of operation of devices connected to electro-power grid were
developed. Functions enabling display of load to transformers or specified devices as well as functions
enabling recording the settings of electro-power grid and schedules of operation of devices connected
to this grid were also developed.
The operator has a possibility to check all alternative “paths” of power supply to a given switching
station. It enables to supply the devices, which are behind the area of connection being repaired.
The process of selection of supply “path” is supported by a user’s interface displaying the electricity
grid. The colours assigned to transformers enable intuitive change of connections between the
switching stations to supply the power from different source.
The system calculates, automatically, if permissible average power and maximum power are exceeded in each branch of the system, basing on data of grid connections and work schedule. This
function is especially useful in non-standard conditions of grid operation, because it protects against
exceeding the limits imposed by electricity suppliers.
The application realized change of grid configuration in the case, when some transformers have to
be disconnected. Variants of grid switchovers were implemented in the application.
Task 4.3. DSS for incident and post-incident grid management
The objective of T4.3 was to implement a Decision Support System (DSS) able of advising operators
in case of extraordinary circumstances (major breakdowns, accidents, etc).
The DSS module, which is implemented in the application, supports the operator’s decision-making
process during failure or after failure. When detecting the failure, the operator can check all alternative connections between switching stations, where power supply was cut off. This function enables
quick finding the alternative connection paths and restoration of power supply to devices in area of
damaged part of the grid. This process is supported by the user’s interface presenting mine electric
power grid. Colours assigned to transformers enable intuitive selection of connections passing by the
damaged grid elements.
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Power restoration in the area of power failure also requires selection of such switchover system not
to exceed the limits agreed with the electricity suppliers. The system enables determining average
and maximal load for a given day.
The mine has previously prepared procedures for the situations of transformers failure. The procedures are implemented in the software application. Selection of variants in the case of failure is
realized by drop-down list in the right top corner of the main window. The switchover variants require
switching in the main switching station in the strictly specified order.
The system enables simulating the failure. This function is used in training the operators. It is possible
to simulate transformer failure or any connection within the grid. Connection failure is signalized in
the programme by highlighting the damaged connection. The operator can see the connection parallel
to the damaged one was selected to eliminate the failure.
The application enables recording the used or prepared grid configurations. It is useful in emergency
situations and enables quick switchover to the correct (previously verified) configuration.

1.5

WP5: Integration and field tests

The goal of this last Workpackage is performing the integration, installation and commissioning of
devices developed in previous work packages, and testing them in real mine conditions. Software
and hardware trimming and debugging –in which refers to interoperability of devices from different
manufacturers- was carried out in this Workpackage.
Task 5.1. Laboratory integration of subsystems
The goal of this task was to perform software and hardware trimming and debugging, in order to
make them interoperable.
Integration of systems at laboratory level was completed by all partners. The modules of gird management system were integrated in one coherent application system. A series of meetings with the
representatives of KWK Ziemowit mine were organized to adapt the functionality of graphical interface to the users’ expectations.
The application was tested on the basis of data provided by the mines and data from the simulation
models delivered by partners. That enabled verification of the power grid module for its ability of
reading the load in the selected points of electrical grid.
Task 5.2. Laboratory connection to power suppliers
Activity in this task was cancelled, due to the lack of collaboration of electricity providers (this possibility was already anticipated in the Technical annex).
Task 5.3. Mine Integration and tests
The goal of this task was to perform global tests of the devices and software developed in the project,
by implementing and testing one or more M-SmartGrid systems.
It was carried out the integration of power usage monitoring systems in two mines (HUNOSA, P.
VELENJE) All components of surface power usage monitoring system, and a significant part of the
underground segment were installed and tested in Sueros Colliery of HUNOSA. All information was
centralized in S. Nicolás pit, and a new SCAD system set in place. PV took measurements in main
distribution center on surface (DTS NovePreloge) and some points in the mine.
In Ziemowit Colliery were installed the Decision Support Systems developed in WP4, using a PLC for
simulating the behaviour of the actual electric network. Said PLC emulated the mine communication
protocol, and included modular “bays” for simulating any switchgear configuration.
Tests carried out with this method allowed debugging and validating DSS software.
Task 5.4. Performance assessment
The goal of this last task was to carry out an overall assessment of the performance of the devices
and systems developed within the project, extracting the pertinent conclusions.
An assessment of the benefits of applying M-SMARTGRID technologies was performed.
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The integration in KWK Ziemowit colliery of the Decision support systems developed in WP4, including
a simulator of switchgear, allowed improving operators training, and it is expected that in the future
it will allow semiautomatic operation.
Analysis done on savings in HUNOSA’s Sueros Colliery show a steady decrease in unit electric energy
cost (-25% at the end of the project) and power consumption (-41,5% at the end of the project);
with combined savings of 56,2%.
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2
2.1

SCIENTIFIC AND TECHNICAL DESCRIPTION OF THE RESULTS
Objectives of the project

Energy consumption is a major cost component in all mining operations. Electrical systems are quite
often over-designed, and as such have high energy consumption while in an idling state and quite often
having peak power values several times higher than the average power; due to the intermittent nature
of some major mine loads (extraction, hauling, water pumping, booster fans). Furthermore, the
considerable distances underground, coupled with high power requirements impose increasing
strains on the power network.
In response, a number of individual system developments have been introduced over the years with
an objective of decreasing the cost of energy used, mainly in the fields of mine ventilation and
pumping etc.
However it is increasingly recognised that if significant gains are going to be made in this area, then
it is necessary to fundamentally address the grid system as a whole, applying smart grid technologies
(A smart grid is an electrical grid that uses Information and Communications Technology to
gather and act on information, such as information about the behaviours of suppliers and consumers,
in an automated fashion to improve the efficiency, reliability, economics, and sustainability of the
production and distribution of electricity).
The research reported here had the aim of developing and implementing a novel approach to mine
power engineering involving Smart Grid systems, together with the use of engineered boreholes to
provide direct power connections from the surface. The approach intended to take full advantage of
current data transmission systems –such as those deployed under RFC Demonstration project OptiMine-, using advanced open Information And Communication Technologies (ICT) and wireless
networks to ensure effective implementation at minimum cost, while enabling additional features
including mining safety and automation.
The main goals were achieved through the accomplishment of the following sub-objectives:
Ø

Development of power network models, including local constraints such as tariff structure,
statutory and regulatory constraints, etc.

Ø

Appraisal of mine grid topologies, including an investigation into the use of satellite shafts for cost
efficient grid reinforcement capabilities.

Ø

Development of intelligent sensors and actuators to enable a scalable modular control system,
specifically aimed at power control applications. Distributed control techniques and the use of
open protocols will allow the system to be matched to any specific higher level control system
architecture.

Ø

Development of software for automatic power management (dispatching) under normal operation
conditions.

Ø

Development of Decision Support Systems (DSS) for advising operators on how to perform
power management (in abnormal operation circumstances, including but not limited to
incidents, accidents, partial breakdowns, etc.).

Ø

Development of a user-friendly interface for configuration and diagnostic procedures so that the
user can set up the applications with little technical knowledge, reducing the installation costs
and simplifying problem resolution.

13

2.2
2.2.1

Description of activities and discussion
WP1: Network/grid modelling and system architecture

Task 1.1. Mine Power Network/Grid Modelling
Mine Electrical Network Typology & Topology
A study of mine electrical system typology and topology was conducted. A review was carried out of
the topological types of electrical supply networks used in heavy industry. Included here are the
simple radial system, the expanded radial system, the primary selective system, the primary loop
system, the secondary selective system, the secondary spot system and the ring bus system. For
each, the basic principle was studied and the pros and cons – compared to other systems – were
appraised. This was followed up by a study that relates more specifically to the topologies, voltage
and cabling types used in mines. Particular attention was given to the additional topologies that could
become feasible as a result of using satellite boreholes to reinforce a mine’s electrical network as
studied in WP2. Data on representative mine networks in Poland, Spain, Slovenia and the United
Kingdom was collected. This has been reported in detail in Deliverable D1.1 - “Report on mine network typologies and topologies”
Modelling
The modelling exercise required the development of a software model of a mine’s electrical network
for used in developing control algorithms in WP4. In fact, two quite different software models (the
Three Phase Model and the Load Model, as described below) were completed and a physical hardware
model was also constructed in T4.1, this being an extension to the work originally envisaged and
described in the task description. Both software models were produced using the graphical-based
Simulink module of the MATLAB technical simulation package. This work has been reported in D1.2.
The Three Phase Model was developed in two parts (Figure 2-1), being based on a simplified version
of the underground electrical network at Kellingley Colliery in the UK, and of the surface segment.
However, the purpose of the exercise was to develop a method, rather than a model of a specific
colliery and, as such, it was designed for easy adaptation to any other mine. The model includes all
the main system elements of a typical underground electrical network, including transformers, breakers, loads and power factor correction capacitors. The model also allows three-phase faults to be
applied, for example phase-to-phase or phase-to-earth. The main use for this model was in carrying
out exercises that involve three-phase fault conditions. The basic model has fixed loads although it
may be integrated with the Load Model, as described in the next section, to apply time-varying loads
based on real-world data recorded in a mine. Such an integration exercise was demonstrated.
For exercises that don’t involve a detailed analysis of fault conditions, the Three-phase Model is
processor intensive and requires considerable attention, following a change to the topology, to ensure
stability. For this reason, for exercises that involve only real-world loads, and where fault conditions
can be adequately represented by a removal of the associated load, the Load Model was developed
as described in the next paragraph.
A major part of the work that will be carried out in WP4 involves developing control systems that will
manage loads to achieve such goals as increasing efficiency, reducing peak loads, and scheduling
power use to periods when cheaper tariffs are available. Such an exercise does not require information on intricacies of the three-phase network and, instead, only information on the time-varying
loads that are typically encountered in a mine is required. The Load Model provides this information,
without the computer intensive nature of the three-phase model or the difficulties associated with
ensuring stability following changes.
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Figure 2-1: Three-phase Model Linked to Recorded Mine Data
The Load Model uses data obtained from data loggers in Kellingley Colliery in the UK, of power against
time characteristics of each of the major types of mining equipment. Like the Three-phase Model,
though, the purpose of the exercise was to develop a method, rather than a model of a specific
colliery and, as such, it was designed so that it may easily be adapted to any other mine.
The following loads have been incorporated into the model:
·

face equipment comprising:
shearer,
pump for rotary air curtain,
maingate AFC,
tailgate AFC,
stage loader,
crusher,

·

main ventilation fans,

·

two coal hoists and a man riding hoist,

·

belt conveyor,

·

development equipment comprising either:
separate road header and roof bolter, or miner - bolter,

·

miscellaneous underground loads to provide a base load,

·

miscellaneous surface loads to provide a base load,

·

coal preparation plant to provide a base load.

The use of the Simulink interface allows manual control of the model in real time (Figure 2-2), in
addition to permitting scripts implementing control algorithms to turn plant on and off automatically.
It also makes it easy to monitor the actions of automatic control scripts in real time because the
graphic displayed in the blocks representing plant indicates its status (e.g. running, topped, starting,
stopping etc.). Also, load graphs (Figure 2-3) are generated.
Once the models of Kellingley were tested, the work was completed by adding the models of additional mines using the data supplied by mining companies. As an example, the layout of the
Premogovnik Velenje (PV) network is presented in the next page (Figure 2-4).
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Figure 2-2: Simulink Load Model, Illustrating Manual Interface and Status Feedback

Figure 2-3: Sample Output from the Face Equipment Plant Group in the Load Model

Figure 2-4: Premogovnik Velenje High Voltage Network
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In this case, the main energy consumers are coal production, coal transport to the surface, water
pumping and ventilation. The total load is around 12MW. The primary underground voltage is 6kV
and it is transformed to 3.3kV, 1kV, 500V, 230V.
Finally, a model of KWK Ziemowit power grid was created. As it was foreseen that Ziemowit colliery
would be used as case study in WP4, this model was an extended model, prepared with high detail.
The model consists of the parts of the grid which have been selected in Task 1.3 and Task 1.4. The
switching stations located on the surface are marked using green colour, and the ones located underground using brown (Figure 2-5).
The models of fans and hoisting machines have been used for modelling the surface power grid. In
case of the underground power grid, models of longwall system machines including models of single
machines such as pumps, belt conveyors have been used. Other items, not included in the selected
parts of the architecture of the mine, were originally modeled by UNEXE as “Surface Base Load”,
“CPP Base Load” and “Base Load Underground”. These models were added to the total power consumption of the mine. Switching stations in the extended model have been designed as summation
nodes. An example of modelling switching station RD III is presented in Figure 2-6. As a result, the
power drain at each point of the power grid can be visualized. Additionally, the grid can be easily
extended using another load items.

Figure 2-5: Model of KWK Ziemowit Power Grid
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Figure 2-6: Model of the Switching Station RD-III

Task 1.2. Analysis of Regulatory, statutory and tariff constraints
Work in this task comprised two separate activities: (1) an analysis of the electricity markets in the
countries involved in the project, and (2) a review of the status of both current and near-future
‘smart grid’ initiatives and technology being developed by governments, policymakers and electrical
utility companies across the EU.
Electricity Markets
To set the scene for a subsequent description of the electricity markets in the countries involved in
the project, the make-up of a national electricity network has been analysed, identifying the key
physical components of generation, transmission, and distribution – see Figure 2-7. Also included in
this analysis is a description of the organisations involved in the supply of electricity, which includes
generation companies, transmission and distribution companies, electricity suppliers, plus other organisations that may be present in some countries – see Figure 2-8. Another area that applies to all
national markets is the various tariff models that are either available or have been proposed. These
aspects have also been studied in order to provide an introduction to what is generally available
throughout Europe and a discussion of the possible future availability of the more flexible tariffs that
will be required to better utilise smart grids. While it was hoped that a summary could also be provided of what is commonly available in the major European markets, regrettably, none of the electricity supplier that were approached were willing to discuss the market in general terms.

Figure 2-7: Typical Electricity Supply Network
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Figure 2-8: Relationship Between Organisations Involved in Electricity Supply

This preparatory work then lead into the main part of the study, namely an analysis of the market
in each of the countries involved in the project, which was carried out by project partners in each
country. For each such country – namely Germany, Poland, Slovenia, Spain and the United Kingdom
– key issues including the pricing structure paid by the mine operators, regulatory matters, competition, the freedom to choose an electricity distributor, the availability of different pricing tariffs, and
statutory requirements regarding supply security have been considered.
Although the task description requires only an analysis of the markets in the countries represented
in this project, the European legislation that applies to the electricity market throughout the European
Union has been summarised so that a broad picture can be seen of the constraints that apply to the
European coal mining countries not represented in this project. In addition, the situation in those
other EU countries with appreciable coal production has been summarised but in less detail than for
the countries involved in this project and with no subsequent analysis. The information for each such
country has been obtained from the reports that member states are required to provide to the European Commission on an annual basis, and which are available at the Website of the European Energy
Regulators. This work has been reported in detail in Deliverable D1.2 - “Report on Modelling results”,
which includes local statutory requirements tariff structures and most relevant results of the modelling work”
Smart Grid Initiatives
A review has been carried out of the current status of current and near-future smart grid initiatives
across the European Union. Following consideration of the European perspective, a number of specific
EU countries were considered (Figure 2-9), including the largest economies, the member counties of
the M-SMARTGRID consortium, and one or two other countries with interesting work to consider.
This review concludes that a high proportion of all the investment in Europe has been in smart
metering installation, an important area for efficiency of primary demand but not extending into the
necessary development and application of real self-managing supply, storage and demand that constitutes a truly ‘smart’ system. Such a ‘smart’ system may develop partly as a network of ‘microgrids’, with locally-based distributed generation that includes variable renewable sources such as
wind and photo-voltaic. This reduces dependence on long transmission lines with related power losses
and reliability issues. Such local systems ideally require an energy storage capability to reduce draw
upon the main grid and in order to manage the variable output. Storage presents a significant efficiency issue.
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Figure 2-9: European Investment in Smart Grid Projects

The work in this part of the task does not appear in any formal deliverable but has been presented
in an extensive technical report which contains contributions from several project partners. The conclusions are further summarised later in this report.
Task 1.3. Architecture of surface / non Atex subsystems
In T1.3, the activity consisted fundamentally in carrying out an analysis of the current structure of
surface power networks of the mining partners; in order to prepare a definition of the monitoring
needs and the possible structure of the system for monitoring and controlling substations located in
safe areas.
Firstly, the diagrams of mine power grid (including voltages) were obtained from the mining partners,
some as result of Task 1.1 and some anew. With base on them, the surface electric power system of
mines were analyzed, types of mine sub-stations used in all countries were discussed, and typical
systems of main transformer-and-switching stations were appraised.
An appraisal of the general characteristics of typical mine electric and power system of the surface
part (high and medium voltage) was made. Basic information about mine sub-stations located on
the surface, including their types, was given as well as basic electrical equipment and basic principles
for localization were discussed. Systems of transformer-and-switching stations were discussed and
shortly characterized. General rules for supplying the mines with electricity and division of electricity
receivers into categories, depending on the results of power supply interruption, were also analyzed.
Diagrams of selected parts of electric power systems are presented in Figure 2-10 and in Figure 2-11,
on which main transformer-and-switching stations and mine sub-stations with their connections are
visible.
In connection with this work, and in anticipation to the work to be done in WP4 to develop the DSS
system (Figure 2-12), other simplified diagrams were prepared.
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Figure 2-10:

Diagram of part of the electric power system in KWK Ziemowit
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Figure 2-11:

General structure of the electric network in Montsacro pit, HUNOSA
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Figure 2-12:

Additional part of architecture of electric power system in KWK Ziemowit

An internal report presenting the structure of surface mine electric power system, including describing the mine sub-stations and systems of main transformer-and-switching stations was prepared
within the task.
Analysis did show that most times only general meters were installed in mine high voltage substations. It is not common having detailed metering facilities with remote reading accessible to mine
operators. Ammeters or power meters may be installed in main output lines, again not always having
remote reading capabilities. As is to be expected, disconnecting devices are usually high power circuit
breakers intended mainly for protection. Sometimes these have automatic or even remote reset,
although this capability is uncommon in older substations.
Descending to lower levels in the network, most big machines, like main fan(s), compressors, winding
machine or pumps are usually controlled by PLCs, and these have usually ammeters installed. However, ammeters do not give a true image of power consumption, for phase and true power are not
measured; although it is recognized that this information may be sufficient for grid management
purposes. Information gathered by PLCs is usually sent to SCADA systems, where it can be made
available through internal OPC servers. Conversely, commands can be sent to these big machines to
start / stop them.
Above information sets the ground for establishing the general architecture of “safe area” subsystem;
which obviously has to be tailored to suit the requirements of grid management systems; with the
general goal is obtaining a picture as accurate as possible of power distribution flow.
Next step is determining which receivers have meters installed (either ammeters or true power meters), and whether their readings are available at the control room. For the remaining ones, meters
have to be installed, and preferably true power meters rather than ammeters. Ways for transmission
of readings to the control room may vary. What is desirable is establishing a direct connection between the meter and the control room (standalone meters) using the local area networks that are
nowadays commonplace in all mines, but indirect connection through a PLC may be more convenient,
for example in remote locations where LAN is not deployed but automation networks (i.e., Profibus
networks connecting PLCs) are installed. Even in some cases, serial links (RS-485) or wireless links
may be the option of choice.
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Meters available in each market can vary. In addition to global suppliers, some local companies can
be offering suitable meters at good price, so only general recommendations can be given. For
standalone meters of new installation, only ones using standard protocols should be selected. Although this is properly an activity of T1.5, it can be advanced that ModBus, a well-established open
protocol, is considered the best option. In the case of connection through PLCs, options shall be left
open, as far as a standard connection can be established; although it is strongly recommended that
standard process interfaces, like OPC are used.
For example, in the Figure 2-13 is presented a true power meter from a local company recently
installed -as part of the activities of this project- in a compressor control cabinet. It replaced one of
the previous meters, while the original ammeter on the right was disconnected. It can be noted the
additional information -individual phase currents, rather than just overall current- supplied by the
new meter, and its superior accuracy.

Figure 2-13:

Example of specialised meter installed in a control cabinet of a compressor

As example of the implementation of the monitoring of the surface (or better, of the Non-ATEX) part
of the network, the structure of the first level of the metering system, including data transmission
methods, defined by HUNOSA for Montsacro pit is presented in Figure 2-14.
In this implementation, new meters were or are to be installed
1. In the output of all 30/5KV transformers
2. In the main fan
3. In each compressor
4. In the winding machine
5. In each 5KV line going underground
In underground pumps, ammeters are already installed, and information is available at the control
room through the OPC server integrated in WinCC SCADA. That control room is being moved to S.
Nicolas pit in order to have all control computers in a single location. For this purpose a virtual
Profibus link using the fiberoptic network deployed in Opti-Mine project will be used.
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Figure 2-14:

Metering concept in Montsacro pit, HUNOSA

As for actions, there is the possibility of controlling remotely (start /stop) heavy consumers like the
main or auxiliary fans, compressors and pumps. Winding machine has to be under continuous human
supervision due to statutory requirements.
The above meters and will allow to have an image in real time of the Non-ATEX part of the network,
as well as the control of the main power consumers.
Task 1.4. Architecture of underground (Atex) subsystems
Activity in Task 1.4 is closely related to that in the previous one, T1.3. However, while the general
structure of surface power systems is not too dissimilar -other than in size- between different mines,
the underground part is designed as function of mine topology, extension, exploitation and hauling
methods. While for the last belt conveyors are used, the methods for roadway development and
exploitation can be quite different: Roadheaders or continuous miners or drill and blast for the first,
Longwall faces with either ploughs or shearers or sublevel caving for the last. Ventilation needs are
also different, and power demand changes accordingly.
Therefore, the first step was to secure information on the structure of underground networks from
all partners. In part it was taken from that collected in T1.1, but it had to be supplemented with
specific details of some areas.
For example, in the Figure 2-15, a typical mine underground electric-power system in Poland, (KWK
Ziemowit) is presented, with a detail in Figure 2-16 of a typical longwall face substation. Likewise, in
Figure 2-17, is presented the structure of a typical system in Spain (HUNOSA, Sueros Colliery), also
with a detail in Figure 2-18 of a typical substation for a sublevel caving exploitation.
A general characteristic of typical underground electric-power system is that all measuring points are
concentered in a small area. Another common feature is that other automation equipment is located
in the same area, and consequently, a data link to the surface is available, following the standards
used in each mine.
For big machines, it is usual having ammeters, whose data is transmitted to the surface, while for
smaller ones the common feature is having only local indication, if any.
Specific sensors, like true power meters are not available -the most common measuring device are
analog, single phase, true RMS ammeters-. Therefore, it was concluded that it would be necessary
developing some kind of true power meter, including current/voltage phase shift measurement.
Regarding actions on Power Switchgear, currently most devices can be controlled remotely. Digital
(relay) interfaces are used for controlling contactors in standard gate-end boxes and other switchgear, while analog regulation can be used in electric drives with variable speed capability. Although
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current trend is to control variable-speed drives using serial digital protocols, there are still in operation many drives with pure analog input for set-points

Figure 2-15: Selected part of KWK Ziemowit underground electric-power system
Eventually, all readings of the underground power and current meters shall be made available at a
control computer in the surface. For the meters already installed, the best approach would be trying
to obtain readings directly from the SCADAS monitoring that equipment. Normally, this would be
feasible, for most commercial SCADA have embedded OPC servers.
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Figure 2-16: Substations of RG-III and CS-4 switchgears
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Figure 2-17: General diagram of underground power distribution in Sueros Area,
HUNOSA.
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Figure 2-18: Typical substation associated to a sublevel-caving face in Sueros Area,
HUNOSA.
For the sensors of new development, it is desirable that these sensors have the amplest possible
range of output methods and connectivity: Analog for connection to any existing monitoring gear,
fieldbus for connection to monitoring gear that supports it, intrinsically safe Ethernet and / or WiFi,
etc. Also support for standard communication protocols, allowing direct reading from the surface is
desirable.
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Control gear of new development shall have both digital and analog output interfaces. The last shall
conform to accepted mining standards, like BB22444. Support for a variety of data transmission
interfaces shall be included (at least one, and better two, intrinsically safe RS-485, one intrinsically
safe Ethernet port, and desirably a fiberoptic port). Again, support for one or more open standard
protocols shall be implemented.
Finally, as was the case in Surface / Non-ATEX part, the above information sets the ground for
establishing the general architecture of “ATEX area” subsystem; which obviously has to be tailored
to suit the requirements of grid management systems; again with the general goal is obtaining a
picture as accurate as possible of power distribution flow.
The methodology to be applied here is totally similar to that exposed in the section on T1.3, and
therefore will not be repeated.
Task 1.5. Specification of data exchange formats and protocols
In T1.5 it was carried out an appraisal of the data transmission protocols currently in use in the
control systems used for managing electric gear in general, and of electricity metering devices in
particular; including data transmission between PLC or PLC-like devices and control rooms (SCADA)
or dispatching systems. As conclusion of this work, the preferred data transmission protocol for new
devices was selected.
As a prior and necessary step before further proceeding, it was gathered all information available on
grid and process supervisory systems -SCADA in general- available in the mining partners. It was
found that a large variety of systems, some of them using proprietary data exchange protocols and
interfaces, are in use. For example in Ziemowit Colliery, four electric SCADA are in use:
·

SYDEL
It enables monitoring (with visualization) of 6kV switchboard on the surface: RG-1, RG-2
(with RG-2 control possibility), RG-4, RW-8 and RS-7 as well as power grid system.

·

SAZ-2000
It enables visualization of work of electrical station 110/6kV „Ziemowit III” and switchboard
on the surface 6kV RG-3 (with RG-3 control possibility).

·

EMAC
It enables monitoring of 6kV RM-6 and P-3 (with P-3 control possibility) switchboards. It
offers the possibility of monitoring the operation of devices from selected stations via the
Intranet.

·

SAURON system
It enables monitoring (with visualization) of CS-4 and CS-5 switchboards. Also allows remote
control of underground bays (of a substation). It offers the possibility of monitoring the operation of devices from selected stations via the Intranet.

In HUNOSA, two systems are in use:
·

WinCC
It is the standard SCADA for all equipment but for PROMOS-Based systems: Gas monitoring,
face equipment (conveyors, roadheaders, etc.), pumping, main fans and compressors. It has
an integral OPC server that allows accessing all internal variables.

·

INTOUCH
It is used only for monitoring the operation of belt conveyors. it allows both monitoring and
remote control. It also offers an internal OPC server for communication with other processes.

In most -if not all- cases fiberoptic cables are used for data transmission between existing remote
devices and control rooms.
Alsofiberoptic cable will be used to establish a physical link between the new measuring modules
(being designed during the project), and the software being developed in WP4 (Figure 2-19).
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Figure 2-19: Connection between hardware and software modules
There are 4 industrial Ethernet protocols that were being analyzed: Profibus, Ethernet/IP, EtherCAT
and ModbusTCP:
·

Profibus
A Profibus is a protocol developed by Siemens and intended to be used in distributed and
supervisory control systems. Its flexibility allows to combine different devices, in terms of
functionality and architecture, of different manufacturers. Network nodes can be: analog and
digital simple inputs or outputs; sensors or actuators; computers; programmable controllers;
inverters or control terminals. The purpose of a Profibus network is efficient transfer of large
quantities of short data packages, while maintaining deterministic transmission time. There
are few variants of the protocol such as Profibus DP, Profibus FMS and Profibus PA.

·

Ethernet/IP
It is an IP industrial protocol that has been defined by the Rockwell Automation and is now
supported by the ODVA organization. The main manufacturer in the field of controllers, I/O
systems, HMI and drives is using this protocol is Rockwell Automation. Other big companies
are Accu-sort Systems, Datalogic, Sick, Acromag, Phoenix, Wago, Bosch Rexroth, Parker
Hannifin and SMC. The protocol is based on the classics TCP/IP, UDP/IP and CIP, and provides
the ability to transfer configuration data, diagnostic and I/O data over the Ethernet. Nondeterministic transmission of information is possible with a response time of 10ms. There is
also an option to add synchronization (CIPsyng - IEC61588). The protocol is compatible with
the Control-Net and DeviceNet protocols, which are also based on CIP (Common Industrial
Protocol).

·

EtherCAT
This protocol is developed in 2003 by the Beckhoff Company and is now supported by the
EtherCAT Technology Group. Major manufacturers of devices are Beck IPC (master systems),
Beckhoff (servos and I/O systems), ACS-Tech 80, Baumüller, Danaher, Lust, Servo Dynamics, Stöber (drives), Balluff, Fraba and TR Electronics (encoders). In the EtherCAT standard,
a master station is connected to the slave hosts in a token ring network, with the use of
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physical layer of Ethernet only. A single packet is sent from the master through each of the
slave stations and then to the endpoint. Classic TCP/IP devices can be connected to the
EtherCAT network via the gateways, which enable decoding of TCP/IP packets. Minimum
cycle times - 30μs. Synchronization takes less than 1μs. The EtherCAT is usually used in
motion control, I/O systems and encoders.
·

ModbusTCP
Modbus RTU is a serial communications protocol, published by Modicon for use with its programmable logic controllers (PLC). It is now a commonly used protocol for connecting many
industrial electronic devices. The main reasons for the use of Modbus in the industrial environment are its relative easy implementation and the fact that specifications are publicly
available and royalty-free. Modbus TCP/IP (including ModbusTCP) is simply the Modbus RTU
protocol with TCP interface that works on the Ethernet network to communicate between
compatible devices. It should be emphasized that the TCP/IP is used for the transport only
and does not define the meaning of the data. On Ethernet, any device can send out a Modbus
command. A Modbus command contains the unique address of the device it is intended for.
All Modbus commands contain checksum information, to allow the recipient to detect transmission errors.

After a thoroughly consideration, and after consulting among involved partners, it was decided to
use protocols of the Modbus family, preferably in its TCP/IP variants. Reasons for this selection were
its open nature and easy implementation; on which the involved technology partners have some
experience.
Finally, the internal specifications generated during work in Tasks 1.3 -Architecture of surface / non
Atex subsystems-, 1.4 -Architecture of subsurface (Atex) subsystems- and 1.5 -Specification of data
exchange formats and protocols-, complemented with that gained in WP3 and WP5 were put together
as a joint specification that constitutes the joint Deliverable D1.3+4+5 – “Specification of Architecture of Surface & Subsurface Systems, Data Exchange Methods & Procedures”
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2.2.2

WP2: Feasibility of grid reinforcement through satellite boreholes

Task 2.1. Borehole construction and survey
The strategy for grid reinforcement using boreholes is predicated on being able to accurately drill,
case and install stable engineered boreholes which interconnect the mine workings with the surface.
A review was undertaken covering technologies for intermediate depth well drilling and surveying.
The investigation included land rig drilling options, costs, range of finished casing sizes, performance
and drilling accuracy. The two areas of construction and surveying are discussed in more detail in
the following sections. This work has been reported in detail in D2.1 – “Report on borehole construction and survey options”
Construction
It is anticipated that for any practical scheme and design, the borehole construction would be undertaken by a specialist drilling contractor. Accordingly, the various contractual arrangements being
practised in the drilling industry have been appraised (Figure 2-20). The selection of drilling rig would
be an integral component of the contract arranged with the drilling contractor. An attempt was made
to graduate the range of drill rig plant available by selecting examples from PraklaBohrtechnik GmbH,
Drillmec SPA (Trevi Group) and Huisman Equipment BV, the latter two companies supplying somewhat larger rig sizes. Borehole drilling equipment intended primarily to support rescue operations
has also been evaluated.

Figure 2-20: Typical Borehole Drilling Equipment (Huisman LOC400)
Casing technologies and grouting / water inflow control were appraised, including their application
where there is an intersection with flowing artesian wells/aquifers. The various grouting methods
include; the displacement method, grout pipe method (gravity), grout pipe/external placement
method (pumping), pressure cap method, grout shoe method and the displacement plug method.
Surveying
The two main borehole surveying requirements have been identified and the available methods summarised. First is the need for positional surveying and second is the need for surveying various
parameters relating to the condition and characteristics of the borehole and the surrounding geology
during construction.
In practice, it is inevitable that boreholes deviate from their intended path by curving or spiralling
away from a straight line while drilling. The amount and direction of the deviation is not easy to
predict and will depend on a number of factors including, most importantly, the rock type, the type
and power of the drill rig, the type of drill rods used, and the technique employed by the drill operator.
Unless corrective action is taken while drilling, horizontal deviations of 10% or more of the depth are
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entirely possible. Clearly this would have serious consequences for a borehole that is meant to intersect with a mine gallery in order to reinforce the electrical supply network. At a depth of 800m, for
example, a deviation of 80m would, in many cases, result in the borehole missing the gallery entirely
or, at the very best, intersecting it at a non-ideal position.
For many borehole drilling exercises, a positional survey can be used to remove the uncertainties
concerning which path the borehole has taken and where it has ended, and this information would
be adequate for its intended purpose. However, for the requirements of this project, obtaining an
accurate picture of the path of the borehole is not sufficient. In addition, continuous surveying while
drilling will be necessary to identify small deviations as they occur so that corrective action can be
taken to ensure that the borehole reaches its target.
Positional surveying methods are divided into magnetic and non-magnetic methods, the choice of
method being predicated, to a large extent, on the magnetic properties of the surrounding rock
and/or borehole casing. For surveying in non-magnetic rock and in an open hole (i.e. a borehole with
no casing, except near the collar), and not surveying within the drill string, then magnetic methods
may be used. Where there are magnetic anomalies or magnetic rock such as ironstone or massive
pyrrhotite, in a cased borehole, or where surveying must be carried out inside rods (for example, if
the hole walls are liable to collapse), a non-magnetic tool must be used. Techniques for both methods
have been appraised.
In the oil and gas industry, borehole logging, otherwise referred to in the industry as wireline logging
or well logging, is used extensively to monitor a whole range of characteristics of the borehole and
the surrounding geology while drilling. Included here are electrical resistivity, acoustic/seismic techniques, neutron and gamma ray measurement, nuclear magnetic resonance, gravity, ultrasonic profiling, and the use of callipers (Figure 2-21) for profiling. While many of these metrics are not applicable to the requirements of this project, a few may be relevant and some not used in oil and gas
exploration could usefully be added.

Figure 2-21: Typical Borehole Shape Logging Device (Calliper)
Despite the fact that borehole logging is a mature technology in the oil and gas industry, it should
not necessarily be assumed that the same instruments will be ideal for this application for reasons
of cost. Even oil and gas boreholes at modest depth require that loggers are able to withstand a
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pressure of several hundred bar and a temperature of over 100°C, while some of the newer HTHP
(High Temperature, High Pressure) wells can exceed 690 bar and 150°C. Such a high level of protection is costly to achieve and although this is acceptable when used in conjunction with oil and gas
production, a much lower cost solution is required for less demanding environments. Another unnecessary engineering expense of the solutions adopted by the oil and gas industry is the requirement
to engineer ‘toolstrings’ to fit within a housing of, typically 35mm - 54mm. By relaxing these requirements and, perhaps, adopting instruments used in other spheres of borehole drilling, a major financial saving could be made.
Probably the most important requirements for this application are means of monitoring the crosssectional dimensions and shape of the borehole and carrying out remote visual inspections (Figure
2-22). Methods applicable to both these requirements have been reviewed.

Figure 2-22: GeoVista Dual Camera Sonde for Visual Inspection

Task 2.2. Cable suspension, installation and hazardous atmosphere controls
Cable Types
In certain mining jurisdictions there is a requirement that cables purchased for installation in mine
shafts for the supply of power to underground workings must be accompanied by a manufacturer’s
certified report of tests. Specific legislation may also prescribe safe installation practices. A survey
was undertaken of international practice and installation examples of boreholes used for grid reinforcement. One service provider identified with significant experience in this field was Rutherford
Electrical Engineering Services (REES) Pty Ltd, New South Wales, Australia. Major technical considerations reviewed included the use of a single point suspension arrangement by REES and that no
additional suspension member appeared to be used in conjunction with the borehole power cable.
Whilst no information could be determined on the proprietary engineering design used by REES for
suspending the cable, a first order assessment was undertaken of the tensile rating of the cable wire
armour.
It was determined that if a high tensile steel were to be specified for the armour wire within the
cable, then in principle, a single point suspension and self-supporting cable arrangement was technically feasible. A further option would be to incorporate a central suspension member of high tensile
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strength within the cable. However it is difficult to predict the total elongation and relative
strain/movement that will take place within such a cable structure. The high tensile ‘Verlok’
mineshaft/borehole cable is however claimed by the manufacturer (United Wire & Cable, Richmond
Hill, Ontario) to have a locked-in unified construction which exhibits virtually no internal component
slippage. To date this type of cable has been used in vertical self-supporting lengths in excess of
600m. The cable detail is given below in Figure 2-23.

Figure 2-23: Proprietary ‘Verlok’ Shaft/Borehole Cable (United Wire & Cable, Ontario)
The cable arrangement considered to have least technical risk is to utilise an external steel suspension rope with periodic clamping of the cable(s) to the suspension rope. This use of a dedicated
suspension rope may remove a requirement to assess or warrant the tensile strength capabilities of
the cable.
Clamping
A significant practical aspect of any borehole scheme is the cable suspension arrangement. Essentially a single point suspension design is required. Assuming the cable has adequate tensile strength
for the required depth and operating environment, the strain relief and clamping system must provide
the single point suspension without compromising the cable mechanical integrity in any way. In
particular any relative movement and slippage between the conductors, insulation and other internal
cable members must be avoided at all costs. Various cable clamp, cable stocking and strain insulator
types were examined. It was recognised that the design of a single point power cable suspension
arrangement would be a specialised task and would require full-scale tensile proof testing, with a
requirement for a bespoke mechanical design. In principle the clamping and retention arrangement
within a single point power cable suspension arrangement could comprise three elements:
1. An extended elastomeric sleeve clamp section, possibly 1.5m or more in length. This would
ensure that a high clamping pressure is asserted uniformly around the cable circumference for
a reasonable length of cable. The clamping action is intended to offer a transition between the
free cable and the cable wire armour retention section.
2. The critical support function would be provided by a section which aligns and clamps the cable
wire armour or other high tensile strength members. The clamping arrangement must not cause
any wastage or nipping of the wire strands. Furthermore relative strain and movement between
the internal cable components must be avoided.
3. The third element is a shouldered seat arrangement which permits the entire weight of the
suspended cable to be borne. This component requires suitable attachment points (e.g. eyelets,
studs or hook attachment points) to permit the assembly to be lowered into its final seating
position on the top of the borehole.
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Taken together, it can be appreciated that the design of a single point suspension arrangement for
a cable possibly weighing 20T requires specialist design and proof testing input from the manufacturer.
Installation
As noted previously, the cable arrangement considered to have least technical risk is to utilise an
external steel suspension rope with periodic clamping of the cable(s) to the suspension rope. The
engineering design of the suspension rope, cable and clamp ensemble needs to be considered along
with an appropriate cable lowering and retrieval arrangement. Here the cable drum winder/winch is
a safety critical system component.
The installation of structural strand ropes needs to be carried out in a manner which is safe and also
eliminates the possibility of damaging the strand. Cable assemblies are normally transported either
in coils or on reels and purpose-designed equipment is needed to handle these items on site. One
contractual approach would be to subcontract the provision of the cable winch system to the installer
or a third party. Rope manufacturers/suppliers (Bridon, Fatzer/Brugg, Latch and Batchelor) are understood to be able to provide braked coiling tables and braked reel stands in order to pay out the
cable assemblies in the correct manner.
A conceptual arrangement for lowering a self-suspended power cable into a borehole is given below
in Figure 2-24. This comprises a braked reel stand, a hydraulically actuated cable clamp and deflector/headstock pulley. The operational sequence for lowering the cable into the borehole will be most
problematic when nearing the completion point. Here the braked cable reel, cable clamp and deflector
pulleys must collectively bear the entire suspended cable weight.
The single point suspension cable clamp and support assembly may be supplied pre-fitted to the
cable and tensile proof tested by the manufacturer. Alternatively it may be necessary to fit the cable
clamp and support assembly when the cable drum is nearing the fully unreeled state. The mechanical
arrangement for achieving this is non-trivial. One option would be to mount the arrangement on a
platform which may be rotated into a vertical plane by the action of hydraulic rams. The deflector
and headstock pulleys would then be moved laterally out the way in order to permit the single point
cable suspension arrangement to be fitted to the cable, as required, prior to it being lowered into
position and seated onto the borehole flange.

Figure 2-24: Braked Reel Arrangement for Lowering Single Cable into Borehole
A second option examined was to use the existing emergency winders operated by the various national or regional mines rescue services. The emergency winders have independent power supplies
(normally diesel generators), offer reasonable mobility and can be set up on site in a short timescale.
As part of the study, the emergency winder arrangements of the UK and RSA were examined. The
general conclusion reached was that the lifting capacity of these winders would be inadequate for
the largest cables examined within various power cable-borehole depth scenarios. The ability to
mount and demount cable drums together with the sustained lowest winching speed available from
the emergency winder would also need to be investigated further. That said, there are various site
scenarios where the emergency winder could find a role.
The form of the mobile winder can be gauged from Figure 2-25, below. It is a purpose designed
winder with all the system components and controls housed within an articulated trailer. The lifting
capacity is nominally 5 Tonnes. Discussions were advanced with MRSL’s mobile winder system specialists to examine the logistics of using the winder for borehole cable lowering and retrieval operations. This established the scope of feasible operations and safe lifting capacities. Mobile winder
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deployment exercises were also observed to establish the procedures and logistics of providing access to a deep shaft.

Figure 2-25: UK Mines Rescue Service Emergency Mobile Winder
Hazardous Atmosphere Controls
A review was carried out of hazardous atmosphere controls with a view to fire prevention. For the
purposes of hazard assessment, the worst case scenario is considered to be a borehole cable(s)
which is ventilated by means of an air compressor fitted with an intercooler. The essential form of
the scheme and the associated fire hazards can be gauged from Figure 2-26. Here the integrity of
the borehole casing is assumed and that ingress of firedamp from intervening seam horizons may be
considered negligible. This assumption is reasonable if high standards of installation are ensured
during the casing and cementing operations and the borehole is provided with a ‘shaft pillar’ of
undisturbed ground of adequate circumference.

Figure 2-26: Pressurised Grid Augmentation Borehole Fire Hazards
The corresponding safety philosophy can be described as follows. There is an unequivocal requirement to operate the satellite borehole as a downcast source of air. This assumes the use a forcing
fan system or compressor where higher volume flow rates are required. The borehole scheme must
be designed to ensure that products of combustion from a cable or associated compressor-intercooler
fire cannot enter the mine. This will require an effective environmental monitoring system to be
installed together with an arrangement to both seal and isolate the borehole or to provide a flow
reversal potential in the event of a cable fire in the borehole.
During flow reversal in a developing fire situation, the heat-exhaust ventilation components should
be specified so as to provide an appropriate temperature-duration capability. European and international standards relating to products for ‘safety in case of fire’ against specified characteristics were
reviewed.
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In terms of borehole environmental (fire) monitoring, it is recommended that this comprises distributed optical fibre based temperature monitoring along the length of the borehole cable together with
discrete fire detectors and carbon monoxide sensors as appropriate.
Following an initial appraisal of partial discharge monitoring in T2.3, the Rogowski coil concept was
further researched in this task for detecting damage to the cable before it presents a hazard.
Partial discharge is a localised electrical discharge that only partially bridges the insulation between
conductors and which can or cannot occur adjacent to a conductor. Partial discharge activity is an
indication of an incipient fault in high voltage insulation and is considered an ‘early warning’ indicator
of the deterioration of high voltage insulation.
As a part of studies within RFCS ADRIS (Advanced Drivage and Road-Heading Intelligent Systems,
RFCR-CT-2007-00002) an investigation was carried out into pulse current sensing techniques in high
voltage systems. As well as monitoring the current for reasons of safety, the pulse current profile
was examined for system performance assessment. The recognised difficulty was in finding a method
of monitoring very high currents on a high voltage live line. Resistive current sensors, Hall-effect
probes and ferrite current clamps each have distinct disadvantages and some attention was therefore
given to the use of Rogowski coils as current sensors. Although fairly common in industry, the operation of these devices is not well understood; and further consideration of the mode of operation
lead to the development of an advanced configuration of Rogowski coil, the operation of which has
been summarised mathematically.
Consider, first, the magnetic field due to a current I flowing in a long straight wire. Each element I∙dℓ
causes a circumferential magnetic field dH = I∙dℓ sinq / 4pr 2 (Biot-Savart law) and by integrating
along the length of the wire, the total circumferential field can be shown to be H = I∙/ 2pr. This field
can be detected by a wire loop arranged as shown in Figure 2-27 (A), in which will be induced a
voltage of U = df/dt = mA dH/dt where A is the area of the loop. By integrating this signal, the current
I can de deduced. Clearly for maximum accuracy with a finite area of loop, a more exact analysis is
required. It is clear that the loop will also respond to magnetic fields generated from external sources,
but if a second loop is added, as shown in Figure 2-27 (B), and is connected in series, to reinforce
the induced voltage, then a planar external field Figure 2-27 (C) will induce equal and opposite
voltages in the two loops, which will therefore respond only to the field from the central conductor.

Figure 2-27: Stages in the Development of a Rogowski Coil
In practice, it may be necessary to use multi-turn loops and so, extending the principle of Figure
2-27 (B), the concept of a toroid is arrived at whereby, with N turns, the voltage induced by the
central conductor is increased by N times, whilst the toroid does not respond to external fields that
are perpendicular to I. However, it is now the case that, viewed from the direction of the current
vector, the toroid is topologically identical to a single turn loop and so it is influenced by external
fields in the I direction; Figure 2-27 (D). The salient point of a Rogowski coil is that this influence is
cancelled by routing the return current path through the inside of the winding (which is air-cored to
avoid saturation) as shown in Figure 2-27 (E). This gives rise to a second salient feature, which is
that the Rogowski coil is not a complete toroid. It can be wrapped around a conductor, rather than
having the current-carrying conductor threaded through. Clearly, it does not have to wrap completely
around the conductor, provided every turn has a diametrically opposing turn.
This concept can be developed further. Clearly, instead of routing the return conductor through the
toroid, the field cancellation can be achieved by using a second toroid which is the mirror image of
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the first. Both will produce a voltage proportional to NdI/dt but the response to external fields will
cancel. It is convenient to manufacture the coils on printed circuit boards – a pair of boards is shown
in Figure 2-28. Clearly the induced voltage can be increased still further by stacking multiples of
boards in series.

Figure 2-28: A Pair of Rogowski Coil PCBs
Legislation and Safety Alerts
European and UK health and safety legislation has been reviewed to determine those aspects that
relate to drilling, cable lowering, and operating boreholes of the type discussed in this project.
In addition, because it seemed likely that there have been a number of serious incidents recorded
internationally, associated with borehole cable ‘run away’ during installation and recovery together
with gas ignitions, associated safety alerts issued by various national mines inspection bodies have
been collected.
Possibly as consequence of these concerns, the legal framework established in Poland is quite restrictive in this regard. The Annex nr 4 to Regulation of Ministry of Economy of 28 June 2002 (Journal
of laws of 2 September 2002 No. 139, par. 1169) item 7.3.13, says:
“Laying cable in horizontal or vertical holes has to meet the following requirements: (1) the drilling
are protected with steel tubes, (2) telecommunication cables have sheathing, (3) in the same drilling,
electro-power cable and telecommunication cables cannot be laid, (4) in drillings of inclination over
45° and vertical, the cables should be adapted to such installation and will be fixed to the hoisting
rope in a distance not longer than 6m, (5) drillings in which cables are laid should be filled or stopped
and sealed with not flammable material on outlet and inlet ends.”
In summary, while borehole grid augmentation approaches appear to be part of the industrial scene
in Australia, the USA, and historically the UK, current legislations limit their use in Poland, Therefore
the Polish partners worked closely with the UK partner to establish what technology transfer possibilities into the Polish industry may be developed.
This work has been reported in detail in the Deliverable D2.2 – “Report on cable suspension, installation and hazardous atmosphere controls”
Task 2.3. Borehole electrical grid system topologies and components
Topologies
It is clear that a number of rating and monitoring issues will need to be considered as part of the
engineering cardinal point specification for a practical scheme. Work has examined how borehole
cable ampacity rating may be defined against a range of underground electrical system demand
scenarios and production systems. This has considered electricity demand, diversity in demand, cable
derating, cable active cooling and cable distributed monitoring. It is difficult to generalise on district
electrical energy demands. In terms of thick seam coal face equipment demands, which represents
an upper limit on current technology, a representative example has been examined comprising a Joy
7LS8 or Eickhoff SL1000 shearer with a power demand of 3000kW, a Cat AFC is powered by three
motors of 3 x 1600kW and an electrohydraulic face power pack. In total, a high capacity longwall
may have equipment of 10,000HP or more installed with a total power demand of possibly 9000kW
or more. In addition to the coal face power demands, allowance should be made for the coal clearance
scheme belt drive heads and possibly in-line mineral breakers. District booster fans could represent
a further load. It can be appreciated that district peak power demand with a single high capacity face
can exceed 10MW. A further example of a mine power system is given by Sottile et al (2006) which
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simulated a 12.5kV expanded radial distribution system supplying two continuous miner sections and
one longwall face. In this case the entire mine load is supplied by a 850ft (259m) borehole cable
(500-kcmil, 15kV, MP-GC) with the remainder of the distribution system comprising a total of
75,200ft (22,921m) of 4/0, 15kV MP-GC type cable. Typical power requirements for the major system loads are estimated to be 15,500HP (11.4MW) which can be gauged from Figure 2-29, below.

Figure 2-29: Example of Borehole Supplied Radial Mine Distribution System
However, it is unlikely that the borehole cable will be the sole supply of power to an underground
district. It is more likely that the borehole supply will be used to reinforce (‘stiffen’) the existing
installed supply network. In this case the duty of the borehole cable will be shared. As consequence,
as said before, one of the first findings in this part of the research was that it is difficult to generalise
on district electrical energy demands. Moreover, this fact makes difficult to establish starting points
for performing simulations.
The assessment of the performance, advantages and disadvantages of different topologies was done
using simplified models, in which most loads were considered as a single block. First, districts with
high power -in the order of 10 MW- demands were considered. Then, the appraisal of the possible
topologies was continued, with a focus on lower power demands, in the order of 1-2 MW, as found
in many HUNOSA districts.
Several possible fed and disconnection points were considered, each having its implementation (drilling and laying out) costs. The assessment also included the evaluation of the components needed
for implementing such topologies, like cables, cable protection circuitry, sealing systems, carrying
out a cost/benefit analysis of each possible solution as the last step in the analysis. The results of
this appraisal are reported in D2.3 – “Report on borehole electrical grid system topologies and component”
However, it was also found that the range of application of this technology is quite limited in the
European Industry. There are three factors that led to this conclusion: first, most underground op-
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erations are being shut down -all in western Europe-. On the other hand, the ones continuing operations are quite mature, with well-developed electrical infrastructure that not require supplemental
capacity. Finally, in several cases (i.e., Poland) this way of supplying power is not allowed.
As example, it is shown the situation in Sueros Colliery. This Colliery has two access shafts
(Montsacro in the west and S. Nicolás on the east. Both shafts are connected underground, in an
almost straight manner, and the main operating faces and other workings are located along the
connecting roadways (Figure 2-30).

Figure 2-30: Underground infrastructure of Sueros Colliery
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Moreover, there are one ventilation shaft in Monsacro zone, and an extraction shaft in S. Nicolas
zone. The direct distance in air between both shafts is roughly 4,5 Km (Figure 2-31). There are
surface substations very close to both access shafts, so the maximum distance to any given point is
2,25 Km. The land between both shafts is quite mountainous and inaccessible, making difficult deploying drilling rigs, and there is no close power line to feed the borehole.

Figure 2-31: Satellite view of the surface area where Sueros Colliery is located
In summary, in addition to not needing additional power, the cost and complexity of any new borehole-based power supply scheme, make it financially inviable; for any new line would be installed in
a more economical way using the existing infrastructure.
Partial Discharge
The proposed grid reinforcement using directly routed boreholes from the surface to the coal
measures will employ a design and installation approach with high engineering standards and conservative rating factors. That said, significant benefit would accrue if any deterioration in the electrical system insulation could be detected well before it presented hazardous conditions. The proposed
approach to this would be to use partial discharge monitoring as an electrical system condition monitoring approach.
“Partial discharge is a localised electrical discharge that only partially bridges the insulation between
conductors and which can or cannot occur adjacent to a conductor” (IEC60270 Definition). Partial
discharge activity is an indication of an incipient fault in high voltage insulation and is considered an
‘early warning’ indicator of the deterioration of high voltage insulation. Common applications of partial discharge include power cables, splices and terminations, switchgear, power transformers, motors and generators. Figure 2-32, below, shows the principal internal and external manifestations of
partial discharge. Since high voltage electrical discharges are inherently associated with various
forms of energy release, there are therefore corresponding methods of detection.
Partial discharge testing and insulation diagnostics can be performed after manufacture, during commissioning and during the high voltage system service life. As a diagnostic technique in manufacture
it may be considered as a means of ensuring insulation system quality assurance. During commissioning, it is a check of installation integrity and to ensure that components have not been damaged
during installation.
Baseline measurements are often taken during commissioning testing. Subsequent continuous measurement techniques, or periodic measurements taken during the service life, constitute an important
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condition monitoring approach to avoid unplanned outages. Figure 2-33, below provides two examples of insulation system breakdown, where the primary measure is the number of discharges recorded which exceed some nominal threshold.
It can be appreciated that the nature of partial discharge phenomena requires a statistical treatment
in determining the point at which some action threshold has been exceeded. The setting of these
action levels together with their interpretation has hitherto been a limitation of the technique, mainly
because of the need for skill and experience. Within the electrical machine it is important to identify
the severity of the partial discharge and whether it relates to slot sections, delamination, end windings etc.

Figure 2-32: Generic Forms of Partial Discharge

Figure 2-33: Two Examples of Insulation System Breakdown
Consideration of partial discharge methods as an electrical condition monitoring approach in the
underground coal mining industry has been periodically assessed in the past. A reference file from
British Coal Corporation (circa 1988), identifies some of the issues of monitoring partial discharge to
determine insulation deterioration. The note identifies electrical and non-electrical methods of insulation breakdown detection (reviewed by Shell Thornton Research Centre), with Rogowski coil methods favoured. There were a number of practical difficulties recognised at that time:
·

The need for empirical evaluation by expert practitioners.

·

Practical and cost constraints of modifying machines and plant to install couplers.

·

The requirement to locate couplers on phase lines or earth returns.

·

The choice of noise rejection method, signal bandwidth of detector etc.

·

Baseline calibration, signal processing and interpretation of signals.

·

Statistical signal description, particularly higher order moments.

·

The choice of discharge action level, typically 10 - 100nC.

For high voltage power feeder cable monitoring application, the use of generic high frequency current
transformers (HFCT), and the Rogowski coil variant in particular, are recommended. The correct
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application of HFCTs does however require toroidal/circumferential access to either the cable earth
straps or cores of the power cable.
One further critical issue is the ability to locate the point at which the discharge is originating from.
In a cable situation, this requires methods analogous to time domain reflectometry. Partial discharge
results in a short duration current impulse (of the order of nanoseconds) which propagates in both
directions away from the discharge point between the cable cores and sheath. In principle, signals
can be detected on both the core and earth screen at the cable terminations.
When no reflection is observed, the discharge can be located by timing the signals observed at two
cable ends (the transponder technique). In many situations, the reflected partial discharge pulses
are often not visible. This may be attributed to a number of limitations:
·

The cable attenuation is too large to measure reflected pulses from the far end (i.e. long
cables).

·

The resultant waveforms are too noisy to interpret.

·

The presence of branched or jointed cables complicates propagation.

·

Cables may be installed along with multiple ring main switches.

·

Cables may not present a significant impedance discontinuity/change at the far end.

·

Cross-bonded cable circuits may result in multiple reflections.

Further work on the Rogowski coil method of partial discharge monitoring was undertaken in T2.2
under the heading of Hazardous Atmosphere Controls.
Task 2.4. Scoping of additional operational benefits and opportunities
A study of the potential operational secondary benefits of boreholes was carried out. This work has
been reported in detail in D2.4 – “Scoping of additional operational benefits and opportunities”
Mine Climate Improvement
As shallow mining deposits are depleted, mining must be extended to greater depths, with a consequential rise in virgin rock temperature. This factor coupled with increasing mechanisation, concentration of production into fewer more productive extraction zones, and increased remoteness of
working zones, results in the maintenance of a satisfactory working climate being more difficult and
costly. Mine climate can have an effect on the health and safety of the workforce with extreme
climatic conditions seriously reducing productivity and potentially the safety of the mine workforce.
A novel approach to improving mine ventilation and climate control in workings – particularly those
that are relatively deep and laterally extended – has been evaluated. The concept involves satellite
boreholes being drilled and cased to intersect with the workings. Cooled and dried air is then delivered to the boreholes by surface compressors. This air, since it is delivered to the workings cold and
dry, has a far greater capacity to absorb heat than ambient air sucked down a ventilation shaft.
Hence relatively modest delivery rates will effect a noticeable improvement in prevailing climatic
conditions in the workings. Major infrastructure costs are avoided and the costs of additional ventilation/cooling are largely incurred on a ‘pay as you go’ basis. The approach, whilst radical in coal
mining terms, employs well-established technologies from the oil and gas production industries which
also have well defined cost structures. The approach has relatively low technical risk and is specifically suited to mines with intermediate residual life.
A detailed costing exercise has been carried out, comparing the cost associated with the use of
boreholes for ventilating and cooling remote areas of a mine with the use of shaft ventilation. The
following observations are relevant:
·

The costs of the shaft ventilation options increase rapidly with depth. Here a doubling of
depth leads to a quadrupling of cost.

·

The costs of the borehole options are significantly less than the shaft options and are relatively insensitive to depth, increasing by 30% from costs at 1000m for ventilation and refrigeration at 2000m.
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·

The cost of shaft options is significantly greater than the borehole options, and the difference
and ratio between the costs is sufficiently large as to be robust against likely inaccuracies in
the basic data and assumptions.

·

The difference in the initial, irredeemable costs is even more significant. The derived cost of
an unfurnished shaft to 1000m is, for analysis purposes, assumed to be ~£100m. The corresponding cost of a shaft to 2000m, together with underground refrigeration is ~£250m.
This outlay would be fully incurred before any return could be obtained. In contrast, the only
irredeemable commitment with the borehole option is the cost of the boreholes themselves,
i.e. £3.75m - £7.5m, since the compression/refrigeration plant could in principle be sited on
the surface only when needed and could, if necessary, be relocated. The largest cost element
with the borehole option is that of electricity and this cost in essence is only incurred if coal
is being produced.

·

In the borehole option the largest cost component is that of electricity, and this cost is not
sensitive to depth.

Support of Search and Rescue
Evacuation times increase substantially with the depth and lateral extension of workings and can be
as much as 1½ hours. The mining regulations of many countries (for example the Escape and Rescue
from Mines Regulations 1995, UK) set out a clear legal requirement for effective systems of selfrescue from mines in the event of an emergency. The regulations consider the requirement for appropriate self-rescue apparatus and, where necessary, consideration of safe havens (refuges). Selfescape from certain working environments is problematical, particularly where there are problems
of excessive travelling distance or where gradients and humid conditions impose constraints on the
wearing time of self-rescuers. These same limitations may also apply to incoming mines rescue staff
wearing breathing apparatus, where wearing times in extreme hot and humid conditions may be
reduced to around 30 minutes or less. When travelling times in and out are taken into account, the
time available to locate staff and accomplish rescue activities or other work at the scene may be
curtailed greatly. It is considered that the provision of boreholes from the surface to distant underground workings offers a number of immediate benefits to rescue operations and post-incident life
support.
The value of pumped satellite boreholes for establishing protective zones of fresh, cool air (air barriers), which are substantially resistant to damage by explosion and fire has been examined.
An independent supply of fresh air to working areas served by the borehole would permit refuges,
sited close to the borehole diffuser entry point, to be provided with a substantial and continuous air
supply. If necessary, stoppings could be erected and the refuge area positively pressurised. During
an emergency, compressor power consumption per unit air delivery would not be an issue per se,
and hence by changing the settings of the surface compressor, the pressure/delivery could be uprated significantly. Rescue workers attempting to fight underground fires are often severely limited
in terms of the maximum time they may safely work, both in terms of the exposure time to high
BETs and (to lesser extent) breathing apparatus capacity limits. The ability to establish inbye fresh
air bases served by cooled air would permit teams to recover and hence safely extend their available
working time before being withdrawn from the mine.
The borehole could readily be used to lower food and water to men trapped in the mine. The borehole
would also readily lend itself to providing an emergency communication link to the surface, providing
communications and possibly power to those below. The communications bandwidth could reasonably accommodate video and speech communications. In this case it would also be possible to lower
sensitive listening equipment to determine possible signs of life.
As a last resort, the borehole could provide an additional means of egress via a Dahlbusch Bomb.
However, the finished diameter of the borehole must be sufficient in this regard, which probably
means that the borehole would have to be larger than would be necessary for grid reinforcement
alone.
Secondary Mineral Transport
Note is made of the use of pipelines for transporting minerals, either in the form of a pumped slurry
(hydraulic conveying) or in solid form, commonly as a dense plug of material, carried by compressed
air (pneumatic conveying). Pneumatic systems using capsules have also been developed and research has been carried out into the movement of capsules in pipelines using an electromagnetic
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motive force. Within the mining sector, pipeline transportation is typically used between a mine and
the processing plant, and also internally within processing facilities. The secondary use of boreholes
to extract minerals from underground mines would represent a novel extension to the technique
although the engineering challenges would be not inconsiderable. Work to date, albeit not primarily
within the mining sector, has been reviewed.
Task 2.5. Scoping of post closure benefits and opportunities
A review of the potential post-closure benefits of boreholes has studied several applications.
Water Quality / Level Monitoring
In many areas, coal measures contain the mineral pyrite which, chemically, is ferrous sulphide
(FeS2). As a result of mining operations this pyrite comes into contact with air in the presence of
water. Bacterial action assists oxidation to produce the soluble ferrous sulphate, a reaction that is
accompanied by the release of sulphuric acid which is toxic to humans and harmful to the environment. In other areas, for example the UK, water rebound in coal mines does not result in acid mine
discharge although water quality is still a cause of concern due to dissolved iron. While not toxic, it
causes precipitation of iron compounds in and alongside water courses as shown in Figure 2-34. It
can also be harmful to vegetation and wildlife by smothering the streambed.

Figure 2-34: Minewater Discharge (Source: Environment Agency)
In order to monitor the recovery of the water level in a mine, and the degree of acid or other contamination, bodies responsible for preventing acid mine discharge commonly sample water from
unfilled shafts, or existing boreholes, where available, or else from boreholes drilled specifically for
this purpose. Sampling of a newly abandoned mine will be required if it represents a gap in the
sampling network or geologists consider that the mine represents a high risk of water pollution.
Boreholes for sampling water level and quality are typically a minimum of 75mm in diameter and
must be fully lined to prevent any ingress of water above the water table as this could give false
information about the level. A typical borehole 300m deep and 350mm in diameter would cost in the
region of £150,000 to drill.
A spokesperson from the UK Coal Authority suggested that boreholes drilled for reinforcing a mine’s
electrical network would be suitable for water sampling post closure from an engineering viewpoint.
In other words, the diameter would be adequate and the fact that the borehole was lined would
prevent water that might otherwise flow into the borehole along its length affecting the sampling or
monitoring regime.
However, while serious consideration would always be given to existing boreholes because of the
cost saving represented, their location within the mine might not be ideal. Commonly water is sampled from a shaft, if at all possible, because shafts are well connected with other parts of the mine,
and if a new borehole has to be drilled, it would often be adjacent to the shaft. Boreholes drilled into
remote districts of the mine for reinforcing the electrical grid, on the other hand, are likely to be
much less well connected and the water in this vicinity might have poor flow, resulting in poor mixing.
As such, there is a possibility that the water is not representative of the mine as a whole. However,
it was stressed that this is not an overriding concern because, with any borehole, there is always a
possibility that the sampled water is not representative. Indeed, even where sampling in the vicinity
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of a shaft is possible, the use of a borehole into a remote district of the mine would permit information
to be obtained on the degree of compartmentalisation of the mine.
In Situ Remediation of Polluted Minewater
A study was conducted into the possibility of injecting chemicals into a borehole to treat polluted
minewater before it reaches the surface or an aquifer. Unlike all the other potential reuses of boreholes discussed in this report, the consideration of the use of existing boreholes needs to consider
not only the suitability of any such existing boreholes but the applicability of the technique itself.
Only a limited amount of research has been conducted in this area and very few, if any, full-scale in
situ remediation schemes are currently in operation. Indeed, in discussion with the UK Coal Authority,
the lack of existing application was the main concern expressed. Two particular problems were
voiced.
The first concerned chemical reactions that would result in the production of a gaseous substance
with the question of what would happen to the released gasses. If a potentially large volume of gas
is able to find a means of escape, then the result would probably be unpredictable and might have
undesirable consequences. If, on the other hand, the gas is not able to escape and a sufficient
pressure were to build up, this would prevent the chemical reaction from continuing.
Second is the consequence of chemical reactions that produce a solid precipitate. Under these circumstances, there is a significant probability that the borehole used to deliver the chemical reagents
would become blocked. Even if a means is found to prevent this, though, the build-up of precipitates
underground in the vicinity of the borehole would eventually cause a blockage in the gallery, thereby
compartmentalising the mine and preventing further remediation of the minewater. For this reason,
it would probably be necessary to use two boreholes so that recirculation could be achieved, e.g.
(Bazin, 2013).
In the light of the fact that in site minewater treatment is not a mature technology, indeed there are
serious questions over the viability of the technique, it must be concluded that there is currently no
application of existing boreholes for this purpose other than for ongoing research into the technique.
Protecting Pumping
Protective pumping of abandoned mines is used to prevent discharge of polluted minewater and to
protect nearby working mines.
In theory, if pumping continues after the closure of a mine, the production of acid minewater can be
prevented as water will not come into contact with the pyrite that reacts with the water to produce
acidic chemical products. Similarly, pollution by other contaminants could be reduced. In practice, in
many cases this will not be as cost effective as permitting the water level to rise and subsequently
handling the risk of discharge that will result from this approach.
Once the water level in an abandoned mine has been allowed to increase for a period of time, contaminants will invariably be present. In this case, management involves pumping water from the
mine – either via an unfilled shaft or a borehole – in order to prevent any unexpected and uncontrolled discharges into surface watercourses or aquifers. Generally speaking, in order to minimise
pumping costs, the water level is allowed to rise as high as possible while preventing unwanted
discharges. Usually, it will be necessary to carry out some form of water treatment in conjunction
with any such protective pumping scheme, although in some instances, where the concentration of
contaminants is not too high, and adequate dilution can be ensured (for example by discharge into
the sea via long pipelines), discharge of untreated water may be possible.
According to a review of worldwide case histories of mine inundations (Vutukuri& Singh, 1995),
contact with abandoned mine workings is by far the most common cause of flooding of working
mines, accounting for 78% of the cases reviewed. If we are to ignore the possibility of accidentally
mining into disused flooded mine workings – an eventuality that has occurred in the past but is
extremely unlikely with today’s surveying methods – inundation commonly occurs by virtue of the
failure of a barrier (i.e. un-worked ground) between the abandoned and the active mine workings. If
a barrier is designed to be effective with a given head of water in the abandoned mine, the likelihood
of failure increases if the water level is permitted to rise beyond this level, thereby increasing the
pressure to which the barrier is subjected. Protective pumping of abandoned mines is necessary,
therefore, where active mines are sufficiently close.
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The first consideration of an existing borehole is whether the diameter is adequate for the rate of
pumping that is required at a given site. Most of the protective pumping currently being undertaken
in the UK extract a few tens of litres per second. This could be achieved using a borehole of 300m or
less in diameter, which means that the diameter of boreholes created for electrical grid reinforcement
would be adequate. However, it is important to bear in mind that some sites require a much higher
rate of pumping. There are cases in the UK where a pumping rate of 300-400 litres per second is
required and this needs a borehole in the region of 1m in diameter. Needless to say, existing boreholes of the type being considered would not be applicable where such large volumes need to be
pumped.
As with water sampling, though, there is possible concern over the positioning of boreholes drilled
for electrical use as these would tend to be towards the lateral extremity of the mine. In the event
of subsequent gallery collapses, such boreholes could become isolated from other parts of the mine.
If this were to happen, pumping through the borehole might not prevent water rebound in other
parts of the mine. By way of contrast, unless a non-filled shaft is available for the purpose, the ideal
location of a borehole for pumping would be close to a shaft because of its good connectivity with
other parts of the mine. In this case, while collapses remain a threat, the likelihood is that such
collapses would isolate the borehole from far fewer parts of the mine.
Another possible concern relates to the straightness (as opposed to the verticality) of the borehole.
For electrical supply use, a borehole need not be perfectly straight, indeed the use of directional
drilling, to overcome any deviations that might occur, can give rise to bends and kinks in the borehole. Protecting pumping makes use of submersible pumps that are introduced in the borehole and
lowered until they reach the water level. Bends and kinks in the borehole could acts as barriers,
beyond which it would not be possible to lower the pump any further.
Solid Waste Disposal
Abandoned mines have been proposed for the disposal of solid wastes, in particular fly ash from
nearby coal fired power stations. While this substance can have commercial value, for use in agriculture and the manufacture of building blocks, the practice of desulphurisation by sorbent injection
renders the fly ash unsuitable. In particular it is polluted with alkaline which renders it a liability.
Disposal in abandoned mines has environmental advantages over other forms of disposal (e.g. landfill) and has the secondary benefit of remediating acid minewater.
Various methods of introduction into the mine are possible but disposal of the waste in slurry form
is one of the more attractive options. The slurry would be injected into the mine down a pipe in a
shaft and thereafter into the mine via pipes along the galleries. The motive force would be either
gravity or pumping. In order to achieve effective use of the mine void, however, it would be necessary
to start inbye, retreating the pipe as filing is complete, and building dams to allow each section of
gallery to be completely filled. Since this requires human intervention, the process could only be
carried out as part of the abandonment process, not post-closure.
While previous studies have only considered the use of a pipe in a shaft, the use of a remote borehole
would offer an interesting additional opportunity. Indeed the size of the pipe proposed in the shaft
in previous studies is similar to that of boreholes used for electrical cables. The use of a secondary
borehole could offer two benefits compared to the use of a shaft alone. First, the lateral extent of
any filling will be limited by friction to that availably by the gravitational head or the size of the pump
that is deemed economically viable. The use of a satellite borehole could, potentially, double the
volume of the mine that could be employed for solid waste disposal. In addition, it could double the
rate at which waste is deposited in the mine with the consequential benefit of reducing the abandonment time.
Abandoned Mine Methane Extraction
Extraction of abandoned mine methane (AMM), either via existing drainage boreholes or, in the case
of a fully sealed mine, by the use of specially engineered shafts, results in power generation and the
mitigation of methane release into the atmosphere as described next.

49

Figure 2-35: AMM Installation (Source: Alkane Energy)
First, the extracted methane can be used as a fuel for energy production. AMM is considered medium
to high quality methane. According to companies operating AMM schemes, the process is considered
highly profitable with an overall efficiency of up to 90% in the case of combined heat and power, and
43.4% in the case of power generation alone
Second, it prevents the methane from entering the atmosphere. Because methane has 21 times the
Global Warming Potential (GWP) of carbon dioxide, its release into the atmosphere is environmentally
damaging so the act of oxidising methane to form CO2 is beneficial in terms of GWP.
It is also pertinent to point out the potential safety risks associated with the uncontrolled release of
methane from abandoned mines to the surface and, therefore, of another benefit of mitigating methane release which has, on occasions, caused explosions.
The suitability of existing boreholes for AMM extraction was discussed with Bill Tonks, an engineer
specialising in AMM extraction schemes. As with all potential reuses of boreholes, the major advantage, in the event that the borehole is suitable for the new application, is the elimination of the
cost of drilling a new borehole. In the case of AMM extraction, this cost is significant at an estimated
£1,000,000 per successful borehole. There is also a cost saving associated with the provision of a
grid connection if the electrical connection that supplied the mine can be used for export.
AMM extraction boreholes currently in use in the UK range from 8" (~200mm) to 95/8" (~240mm)
depending on the generating capacity. Boreholes that were drilled to carry electrical cables plus a
supporting steel cable would, therefore, be of adequate diameter. Production wells for AMM extraction are drilled into main roadways as would boreholes for electrical supply connections so, in this
respect, the borehole would in an ideal position for AMM extraction. In summary, a borehole drilled
to reinforce a mine’s electrical supply network was described, by an engineer expert in AMM systems,
as “almost ideal in every way for AMM extraction”.
Underground Coal Gasification
In analysing UCG, it is considered highly unlikely that any boreholes constructed for the reinforcement of a mine’s electrical supply network will be suitably located to intersect with unmined coal
reserves as would be required for application in a UCG scheme. As such, horizontal extension of the
boreholes would be needed, thereby very much reducing the cost advantage of using existing boreholes.
One possible exception could be a mine which has suffered an unplanned closure when the development of a new panel was underway. However, even in this instance, the benefit obtained would be
minimal compared to the overall drilling cost that will probably require a much higher density of
boreholes that might be anticipated for electrical supply use.
Note is also made of the fact that the cost of the drilling of the production well might be a minor
component, compared to the cost of the necessary corrosion resistant alloy lining, and perhaps water
cooling, thereby further reducing the potential cost savings in using an existing borehole.
Carbon Capture & Storage
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In view of the unsuitability of existing boreholes for UCG, it must be concluded that a CCS scheme
coupled with UCG would not be practical using existing boreholes that had been drilled for electrical
supply applications.
However, the use of existing boreholes in a stand-alone scheme, in which coal that has been disturbed, but not gasified, is used for CCS, shows much more promise, possibly in conjunction with
AMM extraction. For much the same reasons that a borehole drilled into a laterally remote district of
the mine would be in a good position for AMM extraction, it would also be good for CCS which is a
reverse mechanism requiring access to recently disturbed coal such as that above and below a
worked panel.
It should be borne in mind, however, that there is conflicting information on suitable depths for CCS
and considerably more research would be required into this aspect before coming to any definite
conclusions.
Ground Source Heat Extraction
The main cost benefits of using an existing borehole for this application are (a) that it will intersect
with ground water, so long as the mine is flooded to adequate depth, and (b) that the borehole could
be used to conduct a feasibility study into the site, measuring water temperature and carrying out a
trial pumping exercise, without having to commit significant funds to the project by speculatively
drilling a borehole.
A borehole of the sort of diameter that might be used for electrical supply use would be suitable for
a small-scale heating project. Several pilot schemes for community heating using mine water have
been demonstrated (for example in Scotland and Netherlands) but have represented a higher cost
than would be achievable by re-using existing boreholes because of the cost in drilling new boreholes.
The above work has been reported in detail in D2.5 – “Scoping of post closure benefits and opportunities”
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2.2.3

WP3: Sensors, actuators and modular control systems

Task 3.1. Sensors and Actuators
One effective way to optimize the power supply systems can be reached by online measurement and
subsequent adjustment or control of the energy consumption of each and every involved consumer
(machines). The so measured irregularities of the power-net like asymmetries in the mains, frequency harmonics, Voltage dips, small and large Voltage interrupts as well as temporary and transient overvoltage could be early detected directly at the causer. Corresponding well-directed countermeasures can then be initiated immediately.
So far, electric parameters such as current, voltage and power on energy lines often are measured
only at the main inputs feeding points. Based on developments of various ECSC projects (for example
RAINOW, EMTECH...), these parameters could be captured today also via closely meshed sensors at
hard to reach places within the power net. Latter network functionality could thereby reach decentralized devices/units and take care of a better way for the integration of sensors and actuators in
the communication infrastructure of the mines.
Additionally the situation from the network-load of view has become more difficult through the increased use of inverter motors. In the course of this, where possibilities of saving ways for reducing
energy costs have been looking for, it makes sense, to make the situation of the grids more transparent by increasing the number of measuring points in underground.
The up to now existing underground measurement devices does not have further evaluation possibilities that could describe the state and the situation of the power nets (see photographs on Figure
2-36). An upgrading of these sensors to MC-process functionality as well as bus-capable interfaces
(such like copper-, optical fiber- or wireless based ETHERNET), turn out to be very cumbersome and
expensive with regard to their dimension- and ATEX -certification problems. Out of these coherences
the new development of devices with the described missing measuring and communication functionalities are the only way of modernization such equipment and enhancing the mentioned transparency
of the power grids.

Figure 2-36: Outdated measurement devices for mining power management
Ø Another point is, that the complexity of nearly all underground equipment increases with the rising
number of automated components. Usually electrical and electronic equipment is fixed within
tailored switch boxes on the machines or within corresponding switchgear cabinets. On surface
the control-cabinets and power-converters are monitored periodically under load. Therefore, thermal image cameras are used, whose data contain indications of defective contacts, fuses and
other electrical components. These inspections cannot be carried out in underground mining.
Opening the switch cabinets while the equipment is working, cannot act out in underground,
because it is inadvisable due to the rough conditions or not allowed regarding corresponding
certification restrictions.
For both described shortcomings (outdated power and voltage offline measurement equipment for
medium and high voltage systems as well as the lack of online surveillance of switch-gear cabinets),
DMT has made use of this project, to produce corresponding relief.
The main objectives for task 3.1 “Sensors and Actuators” can be summarized as a plan to construct:
•

•

an accurately as possible voltage and current measuring device, with the ability, to use it in
medium high voltage areas with very high sample frequencies to capture its possible distortion
(thd) and
a diagnostic device for use within switchgear cabinets to detect early malfunctions.

Based on the plan to equip both hardware developments with an identical computer core, the mainly
work objectives for the time to midterm should be focused on the design and development of a smart
common hardware solution (Figure 2-37).
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Figure 2-37: First sketches of the planned two hardware developments
Here both measuring devices have the same processing and communication hardware. Within the
two figures on the left, one can find it represented as “PC-Board” and as a real component within the
photograph on the right.
Additionally, the “Power Unit” can also be used for both devices, while the “Measurement Unit”,
however, will reasonably be constituted of different circuits.
The Micro-Computer-System on the right is a by-product of the mobile-phone evolutions and offers
all features of implementation in mining ICA-Systems:
·
·
·
·
·

Lots of interfaces for programming, displaying, acquisition and communication issues
Very low energy consumption of approx. 2W at 5V power-supply
Up to 7 analogues and 65 digital inputs (with 12Bit analogues resolution)
Up to 1GByte Ram and 4GByte flash-memory via SD-Card extension
Possible Operating Systems: Mobile8, Android, Ångström-Linux and Ubuntu-DebianLinux

Some of the mentioned OS-Systems can use modern W-LAN protocols (IEEE802.11s) for meshed
net grid structure, while the overall energy consumption of approximately only 2Watts indicates a
smoothly procedure for an ATEX-certification work in addition. The intensive tests on this flexible and
powerful processing system gave us a secure feeling for satisfying all the requirements and operating
situations in underground mining.
Both concepts of Figure 2-37 use the integrated power supply, where in the case of the powermeasurement (on left side) the electric for direct measuring of Voltage and their possible distortion
could be implemented in simple way. However, the most problematical impacts will be lying in the
transition from non-intrinsically safe areas to those of intrinsically safe. Here the proof-voltages between these two areas must be verified and determined. However, a possible solution was found in
the end.
The sensor device for use within cabinets (in the middle) is described in detail below.
Further development stages and achievements of the “power-SmartGrid-Box”:
The work on power management assessment with its possible deficiencies of the network load forced
by the increased use of inverter motors has been changed our development concept of the “powerSmartGrid-Box” several times. How it was already stated before, lies the problem in the separation
of the non-intrinsically and the intrinsically areas of the measuring device. Initial considerations,
where complex hardware on the non-is side was planned to transfer data via “high-voltage proved
opto-couplers” has been failed with regard to their double power-supply (each on non-is and is
side).
In this case, DMT has researched another method based on galvanically-insulated sensor-circuits in
cooperation with an industrial partner. Here a newly concept of measuring method could be introduced, which can underline the innovative character of M-SmartGrid project.
With regard to a very late decision to follow this innovative concept, DMT had extended Task 3.1 by
9 months with own expenditure and work.
Figure 2-38 shows a first prototype with this newly kind of energy transportation (“energy via optical
fiber”), where also recorded data from the so supplied sensor can be transmitted via a separate fiber
line vice versa. A laser, implemented within the computer interface, transforms electrical energy into
light energy and the equivalent voltaic cell within the sensor interface again back into electrical
energy.
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Figure 2-38: First prototype with a block-scheme of the planned sensor-module
For using such an equipment also within our SmartGrid-project, many advantages could be generated. Therefore, the block-scheme of a targeted sensor-interface on the right should be serving as a
model.
Naturally, the most interesting feature can be found in the absolutely autarkic sensor interface with
immunity against high Voltage as well as electrical, magnetically and high frequency fields.
The missing transformer for the necessary energy of the circuits for data multiplexing, data conversion and transmitting does also mean a smoothly certification in addition.
Because the sensor-interface can be designed and constructed with miniature-dimensions, only little
required space is necessary within the mostly small clearance of the terminal boxes of the machines.
A further advantage will lie in the possible distance between both interfaces. While the sensor interface can be placed near the high voltage power management, can the computer interface positioned
within an intrinsically safe housing near a DC-power-supply terminal some meters away.
In consultation with the supplier of this system, a lot of possible variations and tailored applications
could be considered for the future, just like transmitting the energy and the data via only one fiber
line or using the possibility of bi-directional data communication for parametrizing and other controlling tasks.
Figure 2-39 show the development evolution during the project running time.

Figure 2-39: Development evolution-progress of the “power-SmartGrid-Box”
Starting from the initial measuring methods on the basis of transformers (most left) over the then
developed measuring instrument with already appropriate ways of communication (middle), the now
favored optical measuring method on the right could be found only late. Nevertheless, in consultation
with our industrial partner and with newly considerations of possible mining implementation, this
constellation for the “power-SmartGrid-Box” has then be re-designed once again (Figure 2-40:

Figure 2-40: Preferred design of the “power-SmartGrid-Box”
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For this next step, the initial used operating system has given up, since the now used monitoring
unit (partly developed within other ECSC-projects à seen on the right) use an own Microsoft OS and
should be customized for acquisition and communication tasks regarding the two “SmartGrid-Boxes”.
Together they should be gratified our main objective - to build up a “tailored diagnostic system” for
Mining Smart-Grids (described under Task 3.3) in detail.
The new block scheme on the left (of Figure 2-40) shows in a clear way the advantages in contrast
to the conventionally coupling elements for power measurements (on the left in Figure 2-39) further
above.
Based on the galvanically separation of sensor-module and MC-Interface, it is independent and well
decoupled from any kind and level of voltage. This contains also the independence between the
different Explosion-zones like pressure-proof and intrinsically safety.
And last but not least will the mentioned power transport via optical fiber enable the possibility, to
be independent from external power supply for the sensor electronic.
However, all newly developments are mostly expensive and time-consuming. So also in this case.
Because the ATEX-directive restricted the maximal optical light-energy on fiber-lines to 125mWatts,
the used laser transmitting element for the energy transport with 300mWatts emitting energy has
been exchanged to a more economically one.
In parallel, there were considerations to split the necessary energy by using more than one laserelement with the use of a corresponding number of optical-fiber-lines. Nevertheless, this additive
external development of the industrial partner would have been go beyond the scope of DMT’s time
and budget. Here it must also be added that the implemented photovoltaic element within the sensorunit is basing on satellite-technology, which efficiency is twice as high as in conventional cells and
therefore extremely expensive still at current time.
All these various problems have led to the decision that DMT will only use a sensor-unit with a
maximum of three measurement inputs for the first prototype, where the electronic can be supplied
by the restricted 125mWatt of optical light energy. However, for a fast and first prototype delivery,
the implemented software up to now could enable only one of the three current input-channels.
The next photographs (Figure 2-41) show the prototype of the new hardware of the “power-SmartGrid-box” with the MC-module as well as the acquisition/sensor-module. To fulfill the ATEX directives
at last, the whole MC-module housing must be sealed with potting compound, while the releasable
energy within the small electronic sensor module is not sufficient for a possible gas-ignition. No
intrinsically security measures are necessary here. Moreover, will this small module mostly placed
within pressure proved transformers or switchgear-boxes.

Figure 2-41: Photographs of the mining-prototype of the “power-SmartGrid box”
The transferred energy of 125mW laser-power can supply the fast ADC as well as the optical data
transmitter on the one hand and offers up to 25mW (5V, 5mA) for external customizable circuits on
the other. Furthermore, the ADC can serve sampling rates of up to 30ksps, with which abundant
harmonics of current signal can be measured. The implemented software enables several different
possibilities for data-access like continuously measurements with slow updating or block to block
measurements with full data-rates and data-storage.
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Further development stages and achievements for the “Cabinet-SmartGrid-Box”:
According to the preferred PC-Board (see Figure 2-37), the SmartGrid-Box for applications within
switchgear cabinets possesses about 7 analogues inputs, which were researched for, selected and
tested in view of their later cases of application:
·

Increased temperature of the control cabinet (àGlobal incident)
This is the first indication of an irregularity and/or an upcoming event. With temperature measurements by several sensors, appropriate deviations over a period of time are detected quickly
but they need to be approved by further measurement methods.

·

Overheating of components (àlocal temperature increases)
For thermal defect localization IR-thermo-cameras are used, which require no additional light
source. These devices are quite complex in its handling and usually unsuitable for small distances
with large angle of view. In a first research and testing phase, contactless thermal IR-sensors
were tested, which could locally be utilized at trouble points like fuses, power rails and critical
cable management.

·

Increased humidity (àGlobal incident)
An increased humidity in switchgear cabinets can lead to possible damages. The use of appropriate humidity sensors should be detect and report possible water ingress or condensed air.

·

Unfixt cable-connectors (àlocal incidents)
Loose cable-terminals, as well as poor contacts of fuses and switch elements can lead to smoldering fires and flashover voltage. Here the usual method of smoke detection should be expanded
(or replaced) by continuous measurement of CO-content in the cabin-air. Using spark measuring
can also be detecting electrical discharges.

The determination of the necessary detection-sensors was mainly dependent on types, which could
be tested in own laboratories. For this CO, Methane, temperature, humidity and IR-sensors for flashing detection have been chosen in a first development phase.
Next to the uncomplicated sensors for temperature and humidity, the CO-sensor has made some
problems. It’s functionality concerning their reaction on Gas was tested and the results did not fulfil
our demands for a unique flue gas detection. However, the manufacturer has overworked his concept
and introduced us to the view that he wants to provide a satisfactory solution with a new concept.
This work however has been lasting beyond the period of the project. The CH4-sensor be developed
by the same manufacturer has also be tested and correlated with our expectations of such a gassensor.
Another achievement of DMT’s research lay in the exploration-work with positive test results of a
cheap dust-sensor as supplement for the dissatisfying CO-sensor. With corresponding hard and software adaption, the selected dust sensor could keep up with expensive and high-quality referencesensors.
For the development of the cabinet-SmartGrid-Box this will meant a more and better surveillance in
the case of smoldering fire initiated by loose cable-terminals or poor contacts of fuses and switch
elements.

Figure 2-42: Switchgear cabinet surveillance system “cabinet-SmartGrid box”
Figure 2-42 shows DMT’s realization of the first prototype of a multi-sensor measuring device for
power-cabinets. Concerning the hardware for the power, process- and communication unit, we have
used our experiences on embedded PCs and have adopted such corresponding components for the
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seen measuring unit. Here the initial selected PC-board (see Figure 2-37) with some pre-processing
hardware has come into action, while for the software routines (especially for the communication)
we could be draw back on developments from other ECSC-projects.
Because this surveillance system will be mostly implemented within pressure-proof housings, the
mechanical solidity will only play a minor role here. Therefore, the seen plug-in connectors are of
high quality but not suitable for harsh mining operation. Additionally, any radio-based communication
equipment cannot be use within such an environment on steel.
The initial considerations to use this multi-sensor measuring device also for applications out of pressure-proof housings were discarded. In the course of this, we could also be cancelled the ATEXcertification work on this device, which could not had finished before project-end anyway regarding
the just discussed problems about the gas sensors.
The last line of activity in Task 3.1 was the development of some specific hardware and software,
intended for interfacing legacy sensors to the modular control system object of M-SmartGrid T3.2.
From the hardware side, it is based on an existing device, the UCR-AV, developed in ECSC project
EPCWCMS. This device can be described as an interface between analog sensors and actuators and
fieldbuses. It has an internal A/D converter, and has some processing capability, but it is essentially
a “dumb” device, in the sense that it only transmits the readings and executes output commands,
controlling the operation of the actuators. It has 4 I/O ports, software-configurable. Originally, it only
supported a proprietary protocol for data transmission over RS-485, and therefore could be connected only to proprietary RELIA-AV buses.
Two variants were conceived: One with one port; intended to be attached to legacy sensors, and
other, maintaining 4 ports, but having enhanced features. Hardware developments are:
·

An enhanced four-port interface board, having an ultra-fast short-circuit protection, with
signaling in the status information transmitted by the device.

·

A new single-port interface, with the same ultra-fast short-circuit protection (it is pictured
on the left part of Figure 2-43, plugged in the current version of the base PCB of the device,
with which it is compatible). This interface is intended to be used together with a simplified
version of the base Printed Circuit Board (PCB), to prepare sensors with intelligence and
direct fieldbus or, more important, wireless connectivity.

·

An interface board to an existing ATEX display. This adds local reading and diagnostics capability to the device.

·

The enclosure for the four-port unit variant having a display installed (Figure 2-44. Variants
with no display can use an existing enclosure).

Figure 2-43:

Left: Current UCR-AV PCB, with new single-Port interface. Right: Display
mounted on the new Display interface PCB.
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Figure 2-44: Enclosure for the four-port unit with Display
On the software side, the effort, according to the decision taken in Task 1.5, was addressed to the
implementation in the units of ModBus protocol for data transmission. This allows i) the interconnection to open (non-proprietary) systems, ii) operation as part of the modular control system, and iii)
standalone operation, under direct control of any SCADA. Intended function is the one marked as ii),
for, being the only data transmission interface an RS-485 serial port, it is not too convenient for
transmission to the surface.
After finishing the development stage, the ATEX certificate was obtained, and the device was put in
production immediately after. A picture of one of these production units can be seen in the Figure
2-45.

Figure 2-45: UCR-AV/TV Production unit
Low Voltage wireless ATEX Power Meter (AESW-W)
Finally, it was completed the design of a Low Voltage ATEX Power Meter with wireless interface, to
complement the one for Medium-High voltage described above, thus covering the monitoring needs
in the full voltage range used underground.
This one is intended for monitoring small to medium power equipment, with nominal voltage up to
1 KV, and the name assigned to it is AESW-W. This device is designed to be attached to any gateend box or similar switchgear with minimum wiring.
Its block diagram can be seen in the Figure 2-46, and a screenshot of its PCB in Figure 2-47. It has
the following interfaces:
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·

Two Opto-isolated Inputs, intended to monitor the state (ON/OFF) and condition (state of protection circuits, ready/not ready) of the switch.

·

One Relay Output, intended for acting on the control circuits of the switch; for turning it on or
off.

·

One Voltage input, taken from an isolation transformer in the gate-end box. Nominal voltage of
this transformer shall be between 24 and 48 VAC. This input is used for two purposes: measuring
line voltage, and for powering the device.

·

One Current input, through a Hall effect current transmitter.

·

Voltage and current are digitized (A/D conversion) at high speed, and from the samples so obtained are derived the remaining parameters: Power and cos φ.

Figure 2-46: AESW-W: Power and status monitor for gate end boxes. Block Diagram.

Figure 2-47: AESW-W: Power and status monitor for gate end boxes. Printed Circuit
Board.
The communication with the modular control system is made wirelessly, in order to simplify the
deployment of said system. More details on this matter can be found in D3.1 – “Prototypes of sensors
(incl. voltage and current interfaces)”. The radio interface is located at one end of the Printed Circuit
Board, and will be covered by a non-metallic cover.
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Task 3.2. Modular Control Systems
In T3.2 activity was addressed to the development of a modular control system. After establishing
functional requirements, some hardware development was done, in order to adapt a Single Board
Computer (SBC, Named MP-40) developed during Opti-Mine project to these requirements, including
operational safety. Several hardware modifications were needed, but the main effort was done in the
field of software development, oriented to implement interfaces and protocols needed for allowing
an easier deployment of control systems. It was also used in INREQ project, where some development was made in both hardware and software components. However, that work is only partially
useable in M-SMARTGRID, for the requirements in INREQ were quite different.
On the hardware side, the following improvements were made:
1. Tt was finished the implementation of a second RS-485 port, which was just bread-boarded
in INREQ.
2. Some useful features in a mining control system were added: A hardware emergency stop
controller, and switching of analog voice lines of Intercoms.
3. It was added support for direct digital voice input / output: Microphone and loudspeaker
amplifiers, connected to an analog input an analog output respectively.
4. It was added an Interface for a LCD ATEX-Certified display.
More important was a complete reconsideration of hardware design with a view on operational safety.
Voltage and logic levels in all points having the possibility of influencing adversely the operation of
external devices or equipment were thoroughly checked, and hardware design changed in the cases
where an internal component failure could lead to an unsafe or undesirable state. This analysis included an appraisal of the state of outputs and communication ports during reset or for a set of
predefined component failure.
The layout of the PCB of the main PCB of the device so redesigned is presented in the Figure 2-48.
It contains the main processor and internal power supplies, isolated analog and digital I/O interfaces,
an Ethernet intrinsically safe port, an isolated intrinsically safe RS-485 port, support for wireless
communication, display interface (two actually, one colour for operation in safe areas, and one monochrome for operation in hazardous areas) and a Real Time Clock with battery backup.
In the Figure 2-49 is presented the layout of the auxiliary board, designed to be mounted on top
(piggy-back mounting) of the former one. It contains some of the I/O interfaces that did not fit in
the space available base board (it was desired maintaining the original size of the original MP-40).
These are a second, non-isolated, Ex ia RS-485 Port, four solid state opto-relays, interfaces for
switching analog voice circuits, and analog circuitry intended for future implementation of digital
audio functions.
MODBUS communication
From the software side, ModBus-TCP was already implemented in MP-40 in previous projects. Network parameter configuration is done through a web-based interface, presented in Figure 2-50.
Readings and writings can be performed via MODBUS-TCP with the following parameters:
MP40-RTU MODBUS Socket:

TCP server, port 502

MODBUS type:

MODBUS-TCP

Allowable functions:

Read block: function 3
Write block: function 16

Allowable MODBUS socket:

1
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Figure 2-48: PCB of improved MP-40 with ATEX Display Interface

Figure 2-49: Piggy-back interface PCB with second RS-485 port and other interfaces
Physical inputs and outputs can be read and written at specific addresses, specified in the document
“ModBus mapping”
However, ModBus protocol over serial ports, usually known as ModBus-RTU, was not available. This
protocol was implemented by the end of the reporting period on the isolated RS-485 port located in
the base PCB. When using ModBus RTU protocol, the address set in the unit non-volatile memory
will be used to access it (up to some 240 ModBus devices can be connected to a single network, so
each shall have an unique identifier or address). Facilities for setting this address are part of the
ongoing development work. Otherwise, the functions implemented and mapping between physical
I/O and ModBus registers are the same than in the case of ModBus-TCP.
The above -ModBUS TCP and ModBus RTU- are implementations of the “Slave” part of ModBus protocol, that is, the device answers queries from a master device. However, having “Master” functionality, that is, the capability to interrogate “Slave” units, is critical for achieving the modularity of the
system. This functionality is needed to poll devices developed under Task 3.1, and was implemented
in the second, non-isolated, RS-485 port.
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FIRMWARE VERSION INFORMATION

REAL TIME CLOCK AND CALENDAR (RTCC)
NAVIGATION
MENU

RTCC CAN BE SET UP BY CLICKING ON “Edit”

LAN INFORMATION

RS485 INTERFACE
BYTE COUNTER

TX/RX

ACCESS TO LAN AND RS485 SET UP WEB

DIAGNOSTICS INFORMATION

Figure 2-50: MP-40 web-based configuration Interface
Other functions
One of the conclusions of Task 1.4 was that remote devices used for data acquisition and control,
like the units being developed in WP3, do not need to have a high level of intelligence, and that only
the capabilities needed for processing properly the readings and in some cases the outputs are
needed.
Consequently, it was implemented a simple, matrix-based decision system, for acting on the four
available outputs.
In turn, this required adding some additional fields to the web-based parameterization screen for
inputs. The parameterization screen is presented in Figure 2-51. Safety-related features were added,
like the possibility of choosing how the re-set after an alarm state is handled (auto, manual local,
remote)
ANALOG INPUTS PARAMETRIZATION
INPUT INPUT
MIN MIN
MAX
MAX
CH
NAME
SIGNAL TYPE
UNIT
M.S.R. F.S.R.
ALERT RESET
MIN
MAX
ALARM ALERT ALERT ALARM
Voltage-GND
Auto
1 CO2 EXIT
Voltage-GND
ppm
0.4000 2.0000 0.0000 500.00
0
300
400 Auto
Voltage-GND
2 CH4 RETURN Voltage-GND
%CH4 0.4000 2.0000 0.0000 5.0000
0
1.5
2.5 Auto
Voltage-GND
Auto
3 AIR FLOW
Voltage-GND
ms
0.4000 2.0000 0.0000 50.000
10
15
PS-Voltage
4
Voltage-GND
V
0.4000 2.0000 0.4000 2.0000
PS-Voltage
5
Voltage-GND
V
0.4000 2.0000 0.4000 2.0000
Voltage-GND
6
Voltage-GND
V
0.4000 2.0000 0.4000 2.0000
Voltage-GND
7
PS-Voltage
V
0.4000 2.0000 0.4000 2.0000
Voltage-GND (Comp.) V
8
Current-PS
0.4000 2.0000 0.4000 2.0000

ALARM RESET
Remote and Local
Remote
Auto
Remote and Local
Remote and Local

Figure 2-51: Web-based Configuration Interface for Inputs
A similar work was done for outputs. The parameterization screen is presented in Figure 2-52.
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Also, safety-related features were added, like the possibility of selecting the state of the output after
a hardware reset, in case of interruption of ModBus communication, or in the cases when the associated inputs reach Alert or Alarm levels.

CH
1
2
3
4

NAME
C. BELT
JET FAN
SWITCH
PUMP

DIGITAL/FREQUENCY OUTPUTS CONFIGURATION
OUTPUT POLARITY/ RANGE RESET
MODBUS FAILURE
ALERT ALARM
TYPE
[0-100]
OUTPUT OUTPUT T.GUARD OUTPUT OUTPUT
Digital
Direct (ON=Closed)
OFF
ON
Latch
Frequency
7
15
0
20
60
90
OFF
Digital
Inverse (ON=Open)
OFF
OFF
5
Frequency
7
15
20
Latch
50
100

Figure 2-52: Web-based Configuration Interface for Outputs

OUTPUTS

The association between Inputs and Outputs is done through a matrix. The matrix is editable using
a web interface, which is presented in Figure 2-53.

1 C. BELT
2 JET FAN
3 SWITCH
4 PUMP

1

2

3

CO2 EXIT

CH4 RET

AIR FLOW

Alarm
Alarm
Alarm
Alarm

ANALOG INPUTS
4
5

6

7

8

-

-

-

-

-

-

-

-

-

-

FREQUENCY INPUTS
4
5
6

1

2

3

CO2 EXIT

CH4 RET

AIR FLOW

Alert
Alarm
Alert

7

8

-

-

-

-

-

-

-

-

-

-

Figure 2-53: Association matrix between inputs and outputs.
Finally, regarding enclosures, several possibilities were considered. For similar devices, two types of
enclosures were used, with two methods for wiring: Synthetic + connectors and Stainless steel +
gland plate. For this application, the second option was selected. A prototype is presented in Figure
2-54.
Later in the development process, the concept of the system changed a bit, fundamentally to include
the new AESW-W (details on this device can be found in D3.1), and to add some safety-related
functions to DIGICOM Digital Intercoms (A signalling lamp, Emergency stop circuit and an option for
installing a pull-rope switch).

Figure 2-54: RTU-40 Prototype

The original concept diagram can be seen in Figure 2-55, and the new one in the Figure 2-56.
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Figure 2-55: Modular control system. Initial Concept.

The main difference is the insertion in the data transmission bus of a wireless interface (WRI) for
accessing AESW-W devices. One of these interfaces can accept up to 8 AESW-W, which are polled in
a master/slave manner.
WRI is based on the same MP-40 Single Board Computer (SBC) used as core for the RTU-40 Unit. In
this case, it is stripped down of almost all components and functionality, but for the connectivity
features. Basically, it is built as a serial to wireless bridge, keeping the Exi Ethernet Interface, the
serial RS-485 interface, and adding a radio module, which can be seen on the upper part of Figure
2-57. This radio interface can be either plugged directly on its motherboard or connected by cable
as in the picture. This last arrangement is used when installing an external antenna.

Figure 2-56: Modular control system. Current Concept.
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Figure 2-57: WRI PCB with radio interface

A prototype of the MP-40 SBC, implementing the features stated above was build, and the certification process started. A picture of this prototype, with stacked PCBs (SBC below, interface board atop
of it), is presented in the Figure 2-58. In that picture, it can be appreciated the safety relay (black
prism on the right), and two audio barriers (black prisms in the center). Through a slot on the right
side, the connector for the display (blue) can be seen. Also, firmware development was finished,
implementing the functionality stated above.

Figure 2-58: Modular control system. Updated MP-40 SBC

Updated DIGICOM
DIGICOM is a Digital Intercom developed initially in ECSC project WPMCMS, which was the object of
several improvement cycles in the past.
In M-SmartGrid, several new modifications were included. A signaling lamp, and emergency stop
circuit, and anchor points for a pull-rope switch were added. These modifications required minor
changes to the internal interface circuits and wiring, which were completed. Also a new enclosure
was designed, in order to allow the integration of these improvements. A computer model of several
iterations of the design is shown in Figure 2-59. From left to right, an early prototype, the version
with pull-rope switch attached, and other with a modified support / base plate.
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Figure 2-59: Computer models and first prototype of updated DIGICOM.
This last one was selected for production. In the Figure 2-60, are presented two views of the final
prototype, a general one on the left, and a bottom view on the right, where the mounting hardware
for attaching a pullrope switch can be seen: A rectangular flange (removed when attaching the
pullrope switch) and two bolts used as obturators for receiving the threaded holes. In addition, minor
changes were made to DIGICOM’s enclosure.
Further details can be found in Deliverable D3.2 – “Prototype of Modular Control System”

Figure 2-60: Final prototype of updated DIGICOM.

Task 3.3. Tailored diagnostic system for power stations of mining machinery
For a tailored diagnostic system, both, hardware and software installations had to be considered and
be brought into the right constitution. In the case of SmartGrid-surveillance in underground, the
developed sensor devices arranged as “SmartGrid-Boxes” for assessment of power-management and
switchgear cabinets from Task 3.1 should be used.

Figure 2-61: Hardware commitment for the tailored diagnostic system
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Hardware assembly for the SmartGrid diagnostic system:
To be able to measure all voltage levels of the energy train, the XMU shown in Figure 2-61 is used.
This X (for universal) – Monitoring Unit consists of a powerful Computer system for use of different
operating system (Windows or Linux based).
The XMU is further be able to maintain a maximum of 8 analogues inputs for operational data, further
8 additional inputs for vibration measurements as well as lots of digital-I/Os.
In any case, this Unit can serve most of the current used hardware interfaces of mining infrastructure
(Ethernet-copper, fibre and WLAN and have got an intrinsically safe USB connectivity in addition.
Already partly developed within other ECSC-projects, this M-Smartgrid project was used to make
this XMU-hardware ready for mining application under strict observance of the necessary ATEXdirectives.
In most cases, the current and voltage transformers on site uses up to 1.000 Volt levels (e.g. those
of compact stations). These signals (only down-stepped by corresponding AC-transformers) can be
connect directly to the existing inputs of the XMU.
However, for the measurements of higher Voltage-levels up to 10.000 Volts, the developed “powerSmartGrid-Box” will be utilized, which can transmit the measured high voltage data via Ethernet or
USB-interface to the XMU. By using a mining certified Ethernet or USB-switch, also the data from
the “cabinet-SmartGrid-Box” can be processed by the XMU in parallel.
The further described inputs can be used for the acquisition of operational data from working machines (Conveyor, Crusher, BackStage-Loader a.o.) in addition. Thus, the XMU can be applied as a
“holistic observation system” on site.
Software commitments for the SmartGrid diagnostic system:
First of all, it is already repeatedly stated in previous reports and presentations that DMT’s “X-Safe”
monitoring system should be used to get a smooth and praxis-oriented possibility of surveillance and
diagnosis also for M-SmatGrid implementations.
The “X-Safe” system is a software-structured monitoring system, which was initial developed for
vibration measurements related to condition monitoring of rotating machinery equipment. Such systems are implemented on different mines for the surveillance of a wide range of mining machines.
In the course of time, the “X-Safe” system was extended, so that next to the kinematical components
also environmental parameters has been considered for observation.
In the frame of this project, the mentioned monitoring system should be used to survey, analyse
and evaluate “power-grids” as well as “switch gear cabinets” in addition.
The system is be equipped with a universal measuring manager, which can be adapted to any kind
of measuring hardware by using corresponding software-drivers. This manager can be programmed
in that way that the determinations where, when and how often data should be recorded automatically.
The measured data can be stored within a SQL database, from where all data could be picked up via
several possibilities of access.
The collected data to be processed will be evaluated at other places. These can both, be managed in
the mining observation room via the intranet of a service provider, or with access to the World Wide
Web from any access point of the Internet.
In Figure 2-62 it is demonstrated, how a user can get connect to the “tailored diagnostic system” via
W-LAN access. Therefore, the name of the W-LAN Network “M-Grid_service” was chosen and the
connection been executed (to be seen in the most left window).
In the middle window, it is demonstrated, how an Internet Explorer can call up the “tailored diagnostic system” additionally. In the course of this, necessary information about access via W-LAN and
optical-fibre Ethernet interface can get back from this page.
Some of the needed applications can be downloaded from this Web-site. Others – like shown within
the mostly right window – could be initiated directly through “Java Web-Start”.
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Figure 2-62: Screenshots of “tailored diagnostic system” here: X-Safe access
Thereby it is important that no unauthorized access can be done on the data and that an interception
and modification of the “Smart Grid” can be prevented. The corresponding measures against such
cyber-attacks have already be represented within the mid-term-report (see “Secure data transmission concept for sensible Smart-Grid information”).
How it was already stated further above, can the access to the “Tailored Diagnostic System” also be
happened via the intranet of a service provider from the mining observation room directly.
For this, a reasonable demonstration shall illustrate how the monitoring software “X-Safe” can support and inform the responsible mining administrator about the conditions of the SmartGrid.
The Screen dumps in Figure 2-63 show some access demonstrations of the “X-Safe” software in due
consideration to the implementation of “Tailored Diagnostic System”. Within this demonstration, it
becomes clear, that the “X-Safe system” grows with its tasks. For every object being surveilled, the
data of information decreases with the information needed.
The picture on the left shows an overview about a mining excavation area with the two engine-drives
on Head-Gate and Tail-Gate, the two conveyors at coalface and roadway, the crusher between and
the back-stage-loader at the transportation end.
Each of them shows a green indication with a corresponding calculated CMI (Condition Monitoring
Index with values between 0 and 100). Depending on the magnitude of this CMI, the color will change
to orange around 70 and to red around 90.
Now also a Power-Grid indicator one can see in the middle of this picture. As clicking on this indicator,
the folder step-down process starts and offers some more information of the deposited components.

Figure 2-63: Screenshots of the “Tailored diagnostic System” here: Data-Viewer
The access depth is depending on the necessary information that is needed to reach the searched
measurement value of the sensor on site. After every branching one will get back the CMI-value of
the following measuring equipment. The measured values can be displayed in different illustrations.
Next to numerical values of physical parameters, also tables, time-functions, FFTs and classification
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presentations are possible. The next two screenshots in Figure 2-64 show corresponding examples,
here: the time function (on the left) and the corresponding classification of a conveyor-load (on the
right).

Figure 2-64: Screenshots of the “Tailored diagnostic System” here: diagrams
For the Research, planning and development of display and illustration possibilities at the observation
room on surface, further software has been considered, so that the processed measurement values
of the SmartGrid-sensors and devices can be displayed at the mining observation rooms with concurrent use of their preferred programs, especially software interfaces are necessary and needed.
Therefore, DMT has programmed a corresponding Modbus-Server and Client in the period under
review. This interface will enable that SCADA-Systems can get access to the SmartGrid measuring
systems via Modbus-Server and-Client protocols over Ethernet structure.

Additionally, DMT has begun to build up a Net Interface for further access possibilities.
As PROFINET based on Ethernet, existing further infrastructure can be used. For the coupling of our
smart measurement systems, a one-chip interface device is available on the market. Figure 2-65
represents this Renesas-TPS1 chip both, as block-diagram and as hardware.

Figure 2-65: Possible software interfaces for the “tailored diagnostic system”
First attempts of coupling this chip to the "tailored diagnostic system" as well as performance tests
of data transfer-rate have been made. For this purpose, corresponding configurations and software
has been conducted for the PROFINET controller. Because these tests provided positive results, DMT
has decided to advance the begun developments with own resources. A running system is expected
in summer 2017.
Further details can be found in Deliverable D3.2 – “Prototype of the tailored Diagnostic system”
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2.2.4

WP4: Decision support systems and automatic network management

Task 4.1. Automatic electrical grid management system
The system managing the electric power grid in mine collects information from the controllers and
meters installed both on surface and underground switching stations. Communication is realized with
use of the selected protocols and interfaces with a possibility to extend the database of used protocols.
Operating the system managing the electric power grid in mine is possible only after proper loggingin to the system. Such solution protects against intervention of persons non-authorized to use this
computer application and information in it. Permissions and access data of users authorized to use
the system are stored in a database integrated with the application.
The user can start only one instance of the application as starting the application several times can
corrupt the database and may confuse the user.
The most important component of the system is the module managing the electric power grid in
mine, which has the following functions:
·

visualization of grid,

·

identification of grid condition,

·

prediction of energy consumption,

·

supporting the operator decisions,

·

database processing.

Work on a design of main interface and interfaces of auxiliary windows for presentation of detailed
data of switching stations and for analysis of data time processes was continued within the project.
VCL library of C++ Builder programming environment, being a part of RAD Studio XE5 package and
package of TMS components were used for visualization. Graphical elements of the interface and
programme icons were made in the environment for creation and processing of GIMP raster graphics.
Main window of application presenting the electric power grid of KWK Ziemowit mine is given in
Figure 2-66.

Figure 2-66: Main window
Clicking on any switching station symbol causes opening the bookmark with the actual state of connections in that switching station (to which end power-receivers are connected, Figure 2-67). Change
of grid configuration is realized by clicking the selected power switch or disconnector. If the application receives confirmation of switchover, the colour of connections changes according to the new
configuration. The colour of connection refers to each source.
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Figure 2-67: Fragment of user’s interface presenting the bookmark of RS-7 switching
station with loaded settings of power switchers or disconnectors and with end receivers
Time-graph of power in a given load (Figure 2-68) can be displayed by clicking on the receiver symbol
with the left mouse button.

Figure 2-68: Graph of hourly consumption of electricity
The need for simplified ways to enter the historical loads of devices to the grid model was discussed
with KWK Ziemowit. Initially, the application required entering the files with information about the
load during just one hour. After the changes, it allows to enter the files with information about the
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load in other time intervals. The application shortens or enlarges the entered time records to adjust
them to the required lengths. It is also possible to enter two additional files with load recorded during
starting and stopping a machine. The possibility of entering comma-separated-variables (CSV) files
was added to facilitate the users entering the loads. Previously, it was only possible to use text files,
which were provided by UNEXE with a grid model. CSV files can be generated with use of spreadsheet
applications available in office suites such as Microsoft Office, LibreOffice or OpenOffice.
As KWK Ziemowit mine grid infrastructure does not allow monitoring of electric load of all grid nodes,
the system enables reading the simulated load from the file. Generation of transformer load is also
possible. The load is a sum of loads of all power receivers connected to it.
The application enables generating the graphs for time intervals set by the user. For a given day or
simulation, the system automatically calculates the average and maximum load value.
Module for planning the switching over operations and for prediction of load makes the next important
functionality of the system. Software for prediction of energy consumption is based on the model of
power grid and model of load. Planning the switching over operations is realized through a user
interface adapted for scheduling the tasks (Figure 2-69).
Switching between the variants of power grid is based on another software application. It includes
the instructions to operators that enable switching over the variants. These variants are sets of
predefined connections in the main switchgears, enabling the operation of mine power grid w different combinations of operating and not-operating transformers. The electronic version of the switching over application was created to assist the operators executing this task (Figure 2-70).

Figure 2-69: User’s interface for scheduling the tasks
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Figure 2-70: Electronic version of switching application at switching from variant 1 of
supply to variant 4 of supply
When the application detects the need to change the variant (with base on a change in power consumption) it shows a window (Figure 2-71), which suggests such change of variant. The variant,
including the most appropriate combination of transformers operating at a given moment, is suggested. Switching algorithm included in the application shows a list of instructions to make the transition to the new variant. Fulfillment of each instruction requires acceptance by the operator, after
which, the application verifies the correctness the operation. Instructions such as making a call to
disconnect the machine or to perform the tasks needed in the non-automated parts of mine require
the acknowledge from the user.

Figure 2-71: Window suggesting the change of variant
The application enables carrying out automatically the tasks included in the switching algorithm.
Besides performing said tasks, this part of the application also has a training functionality. While
carrying out the operations included in the switching algorithm, the application automatically
switches the bookmarks including the switchgear, where the switchovers are being done at a given
moment. Such visualization enables a quick feedback about the tasks carried out during the change
between variants.
As an extension to the software modelling work carried out in T1.1, a physical model has also been
produced to model compressed-air-driven processes. The driving force and mechanical loads will be
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much smaller than in the real-world mining equipment being modelled leading to the concept of a
“scaled model so, compared to the software models, offers the benefits of scalability.
The simulator was connected to a compressor with a computer-controlled valve behaving as the
variable load, simulating the compressed-air-driven mining process. The function of the simulated
load, or output, was monitored by means of a flow meter and pressure transducer. A SCADA system
was constructed to control the valve, and the input was monitored by the installation of current
transformers, voltage tappings and a three-phase power analyser.

Figure 2-72: Mine Physical Model
Left – Air Load System, Middle – Transit Time Flow Meter, Right – Computer-controlled
Motorised Valve
Software was produced in Simulink to interface with all the transducers and control devices; this
provided the facility to (1) replay actual compressed air load cycles measured from mining operations
(output), (2) monitor the electrical power requirement for these duties (input), and (3) provide actual
test result verification for fuzzy logic and other control algorithms developed to achieve the same
load function (output) but for either a lower electrical energy (input) or a more favourable load profile
to better integrate with less flexible processes for the greater betterment of the overall mine load
pattern.
Fuzzy Logic Control
As an extension to the software modelling work carried out in T1.1, a brief feasibility study was
carried out into the use of fuzzy logic as a programming tool with which to operate the Load Model
software and Physical Model. The study was prompted by (Qela& Mouftah, 2014).
Fuzzy Logic is an approach to computing based on ‘degrees of truth’ rather than the usual ‘true or
false’ values. Fuzzy logic statements need to be translated into standard logic expressions in order
to be executed on a computer, which amounts to saying that a choice to use fuzzy logic bears similarities to the choice to use particular programming language. That is, it allows concepts to be defined
at a ‘high level’ to spare the user from unnecessary detail. An example of a simple fuzzy logic function
would be to control a fan by writing statements such as
IF temperature IS cold THEN fan should be run at low speed
IF temperature IS warm THEN fan should be run at moderate speed
IF temperature IS hot THEN fan should be run at high speed
Here, the input to the fuzzy logic system is temperature, which is ‘fuzzified’ into a set of linguistic
parameters – cold, warm or hot – via a set of membership functions. The truth values of these
membership functions are then combined using a set of rules defined for the particular application,
resulting in a set of fuzzy output functions, which are then ‘de-fuzzified’ to give the output values. It
can be shown that fuzzy logic systems will produce a sensible output even if some input values are
doubtful or missing. It is also possible to alter the combinatorial rules dynamically to adjust to conditions. Thus, even though the input and outputs of the system can be processed conventionally to
achieve the same result, the insertion of a fuzzy logic ‘layer’ into the control system may make its
operation easier to define. A fuzzy logic system can be implemented using a dedicated MatLab
toolbox, linking to Matlab’s Simulink graphical programming environment, which was used in the
basic Load Model simulation of Task 1.1. An initial study confirmed that, as a programming tool,
fuzzy logic may be attractive, and that this area of work would benefit from further study.
Further details can be found in Deliverable D4.1 – “Automatic electrical grid management system”
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Task 4.2. DSS for grid management in nonstandard conditions
Supporting the decision-making process in non-standard situations is an important part of the system
for management of electric grid in mine. It is especially important during repairs or planned switchovers.
Using the DSS developed during the project, the operator has a possibility to check all alternative
“paths” for supplying power to any given switching station. It enables to supply the devices, which
are behind the area of the connection being repaired. The process of selection of supply “path” is
supported by a user’s interface displaying the power grid. The colours assigned to transformers enable intuitive change of connections between the switching stations to supply the power from different sources.
For the presented transformers, the system automatically calculates if permissible average power
and maximum power are exceeded in each branch of the system, basing on data of grid connections
and work schedule. This function is especially useful in non-standard conditions of grid operation,
because it protects against exceeding the limits imposed by power suppliers.
Variants of grid switchovers, which enable change of grid configuration when some transformers
have to be disconnected, were implemented in the application. Identification of these variants was
programmed in Prolog language (Table 2-1) and the variants are made available in a form of ready
connection diagrams. Order of switchovers will be additionally available in the application in a form
of control list.
Table 2-1: Fragment of the code detecting the variant 1
variant_may_be(variant1):user_says(ifTR1isON,yes),
user_says(ifRG4_1isON,no),
user_says(ifRG4_1_sys1isON,no),
user_says(ifRG4_1_sys2isON,no),
user_says(ifTR2isON,yes),
user_says(ifRG4_23isON,yes),
user_says(ifRG4_23_sys1isON,yes),
user_says(ifRG4_9isON,yes),
user_says(ifRG4_9_sys1isON,yes),
user_says(ifRG4_15_sys1isON,yes),
user_says(ifRG4_15_sys2isON,no),
user_says(ifRG4_22isON,no),
user_says(ifRG4_22_sys1isON,no),
user_says(ifRG4_22_sys2isON,no),
user_says(ifJamniceisON,yes),
user_says(ifRG4_sys2isON,no),
user_says(ifW3_14isON,no),
user_says(ifJamnice_1isON,yes),
user_says(ifJamnice_1_sys1isON,yes).

Variants of connections implemented in the grid (Figure 2-73) are presented in the right upper corner
of the main window of application (Figure 2-66). The variants present the procedure for changing
the grid configuration to supply the power to receivers when one of transformers is damaged or
decommissioned, e.g. for repair.

Figure 2-73: Fragment of main window with the selected variants
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When connections in the switching station do not correspond to any predefined variant, a warning is
displayed. Drop-down lists enable quick change of connections in power grid by changing the power
supply variant.
A fragment of main window with the selected variant is given Figure 2-74.

Figure 2-74: Fragment of main window with selected variants
The application issues a warning message before every connection of two potentially not-synchronized transformers (Figure 2-75). It protects against incidental connection and reminds about the
need to synchronize the transformers’ phases.

Figure 2-75: Window warning about connection of transformers
In the diagrams delivered by mine, the grid parts are marked with colors, according to the voltage
of transformers. A counter changing the grid color in predefined intervals was used to keep the colors
in the application, when different transformers are connected (Figure 2-76). It enables operators or
managers to determine quickly the transformers connected to a given part of the grid.
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Figure 2-76: Scheme of electricity grid in two time intervals divided by dotted line for
Station “Ledziny” TR I - Station “Ledziny” TR II connection
The application enables to plan the consumption of electricity with one-hour accuracy, what corresponds to the method that is used by the suppliers to calculate the costs of supplied electricity.A
summary load is displayed under the corresponding hours on a graph presenting the load as function
of time (Figure 2-77).
Further details can be found in Deliverable D4.2 – “DSS for nonstandard conditions”

Figure 2-77: Window presenting work schedule
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Task 4.3. DSS for incident and post-incident grid management
The last application in the suite supports the operator’s decision-making process during or after a
breakdown. When detecting any major failure, the operator can check all alternative connections
between switching stations, where power supply was cut off. This function enables quickly finding
the alternative connection paths and restoration of power supply to devices in the area of damaged
part of grid. This process is supported by the user’s interface presenting the electric power grid of
the mine. Colours assigned to transformers enable intuitive selection of connections passing by damaged grid elements.
There are predefined procedures for the situations of transformers’ failure. The procedures include
11 variants of 6 kVpower supply for the area of the main shaft and 4 variants for the area of W-11
shaft. Selection of variants in the case of breakdown is done through a drop-down list in the right
top corner of the main window (Figure 2-66). Switchover between variants require making or breaking connections in the main switching station in the strictly specified order.

Figure 2-78: Failure of connection between RG-2 and RS-7 switching stations

Figure 2-79: Alternative connection of switching stations
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The application enables simulating breakdowns. This function is used for training operators. It is
possible to simulate the failure of a transformer or of any connection within the grid. The effect of
transformer’s breakdown can be removed by switching over to a proper variant or by manual setting
the switching station. Connection failure is signalled in the application by highlighting the damaged
connection (Figure 2-78). A connection parallel to the damaged one was selected to overcome the
failure (Figure 2-79).
Connections in RS-7 switching station were selected in such a way (Figure 2-80) as to enable supplying the receivers that had lost power supply after failure.

Figure 2-80: RS-7 switching station using the connection through filed 4 instead of 8a
System management functions enables recording the current grid configuration, which is very helpful
in the case of emergency. Then the operator can activate one of the pre-recorded configurations to
sort out the failure. The list of predefined configurations is available from the main window of the
application (Figure 2-81).

Figure 2-81: Fragment of main window with recorded grid configurations
Restoration of power in the blacked-out area requires selecting the connection variants in such a way
that the limits settled by electricity suppliers are not exceeded. To facilitate taking decisions by the
operator, the system enables determining the average and maximum loads for a given day.
Further details can be found in Deliverable D4.3 – “DSS for incident and post-incident grid management”
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2.2.5

WP5: Integration and field tests

Task 5.1. Laboratory integration of subsystems
Mine electric power grid management system implemented in WP4 enables predicting the power
load, monitoring the surface and underground electrical grid as well as it can help taking decisions
in changing conditions of the grid. Modules of the grid managing system were integrated in one
coherent system application. Modules developed in WP4 included in the application are as follows:
·

AGM - automatic management of electric power grid,

·

DSS 1 – grid management in non-standard conditions,

·

DSS 2 – grid management in the case of emergencies.

Structure of the system is presented in Figure 2-82.

Figure 2-82: Structure of the system managing the electric power grid in mine
“Measurements” represent electric load of the grid in specified points of the switching station. “Control signals” is the information about the methods for switching distribution of energy in the grid. In
the case of non-standard and emergency situations, AGM module exchanges information with DSS
module through the expert sub-module. DSS1 module is responsible for non-standard situations and
DSS2 module for emergency situations.
During realization of the project, the interface of application was modified several times. A few graphical displaying variants (Figure 2-83 and Figure 2-84) were developed to adapt the system to requirement and preferences of its users.

Figure 2-83: Main window of the application (variant I and variant II) – general diagram
of mine electricity grid (underground)
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Figure 2-84: Main window of the application (variant III)

The tests of the application with use of data delivered from the mine and data from the simulation
models delivered by partners were carried out. That enabled verification of the ability of the power
grid module for reading the load in the selected points of electricity grid before proceeding to the
integration in the mines.
Due to the late re-orientation of the development work on the “power-SmartGrid box”, all functionality tests have been carried out only in laboratory, after the parallel running developments.
Additionally, the planned current and voltage measurements at partner’s test-facility had to be
moved to the last project months, since the complete test facility -originally placed in Bochum- was
moved at a facility in Krefeld, some 50kms away. Nevertheless, in consultation with responsible
persons of the partners from Bochum, it was possible to participate in the rebuilding of the test
facility in Krefeld, where it was possible evaluate the “power-SmartGrid-Box” during the construction
of the test bench for gearboxes (see Task 5.3).
Many tests with selected sensors for the “cabinet-SmartGrid-Box” regarding their usability were conducted. While the parameters of sensors for temperature and humidity were assessed and validated
in short time, the non-acceptable performance of CO-sensors within their dangerous range of values
took a lot of time and energy. Nevertheless, the manufacturer the preferred mining-variant promised
to redesign that type and to try to eliminate the deficiencies.
In the meantime, DMT decided to find another way to measure smoke within switchgear cabinets.
With support of another division within DMT, which deals with dust measuring and dust production
in industrial and underground environments, it was decided to look for and evaluate for possible use
a low-cost dust-sensor. Several candidates were purchased and tested to determine its suitability for
the targeted tasks, by checking them against the reference-dust measuring device TMM from the
German company HUND.
It was found that the dust-sensor STBM 271 (on the left of Figure 2-85) was the best performer.
This sensor uses a light-scattering detection method principle, and can detect the smallest particles
of dust, smoke -including cigarette smoke-, pollen and dust from house-mites. Scattered light (dependent on the particle-concentration) is converted into an electrical pulse-width-signal for further
processing.
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Figure 2-85: The selected dust-sensor with its principle of operation
Since the selected sensor is specified to measure dust grain sizes bigger than 1µm, the testing dust
grain size was chosen between 0,5 µm up to 100 µm.
The comparison measurement result is represented in Figure 2-86 as the graph on the right. It shows
that the low-cost variant can show the same response with similar good peak-characteristics.

Figure 2-86: Comparison between TMM from Co. HUND and the STBM 271
After verifying the satisfactory performance, it was taken the decision of using this sensor to supplement the already mentioned CO-Gas sensor, in order to have a secure smoke detection within switchgear cabinets.
Another evaluation process was carried out on the functionally and the possible achievements of the
“power-SmartGrid-Box” development.
For this purpose, LAB-View was installed on a Notebook Computer, and powerdata from an asynchronous motor was acquired via the “power-SmartGrid-Box”. To show the performance of the system, the maximal sampling-frequency of 30ksps was used, and the voltage of the motorwas controlled by a phase angle control.
Figure 2-87 shows, how the optical sensor system can be controlled and how it’s measured data from
power-lines can be represented.

Figure 2-87: Laboratory test of the “power-SmartGrid-Box”
The left figure shows the complete LAB-view based screen with all measurement and controlling
features of the “power-SmartGrid-Box”. Belowof the monitoring graphs of the Laser-power and data
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linkage on the upper right, static values of the sensor-power, temperature and additionally 3D acceleration values of the sensor module are displayed. Below these, a sine-wave from a frequency
generator with 30ksps is represented as reference to the then measured motor-voltages on the right.
The right measurements were carried out at slow, medium, fast and unlimited speed and with blocked
motor around medium speed.
These tests allow to say that all requirements and specifications initially set were met.
Task 5.2. Laboratory connection to power suppliers
Activity in this task was cancelled, due to the lack of collaboration of electricity providers (this possibility was already anticipated in the Technical annex).
Task 5.3. Mine Integration and tests
Mine integration was carried out in full accordance to the program in the technical annex. It was
implemented in three locations (HUNOSA Sueros Colliery, Premogovnik Velenje mine and KWSA’s
Ziemowit Colliery). Monitoring devices, when not already available, were installed at the most important points in the electric network. In the surface, all points were monitored, while underground
only a partial deployment is made. Nevertheless, all main lines going to the working faces are monitored at their origin, so all major energy consumers are monitored.
HUNOSA
In the Figure 2-88, an assortment of measuring devices used in Sueros Colliery, most of them installed anew during the project, is shown.
In the next figure (Figure 2-89), are shown the two displays of the computer where the SCADA
monitoring energy usage runs. The computer itself is located in a rack on the left of the displays
In the following figures, three screenshots taken from this SCADA are shown. The first (Figure 2-90)
is its main window, the second (Figure 2-91) the screen showing the state of lines going underground
in Monsacro pit (Sueros Colliery, HUNOSA), and in the third (Figure 2-92) some graphs of electric
variables (voltage, current, etc.) of a particular machine -a compressor- are shown.

2x

QNA (Circutor,
30 KV input lines)

5 x CVM (Circutor, 5KV,
compressors)

11 x SENTRON PAC3200 (Siemens, 5KV
lines)

1 x EDS (Circutor, Network IF for CVM)

KAINOS KW-2 (Pump PLC)

Figure 2-88: Assortment of power measuring devices installed in Sueros Colliery
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Figure 2-89: Displays of the computer / SCADA monitoring the usage of Energy

Figure 2-90: Screenshot of the main window of the SCADA monitoring the Electrical-System (HUNOSA)
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Figure 2-91: Screenshot of one window of the SCADA monitoring the Electrical-System
(HUNOSA)

Figure 2-92: Voltage, current, power, cos φ and energy graphs (Sueros Colliery)
Velenje Mine:
In Premogovnik Velenje mine, a new SCADA system for power control (Figure 2-94) was installed.
This SCADA, complemented by appropriate sensors, allowed measuring and recording the power
consumption of the power groups (Production, Transport, Ventilation, Water pumping) in the main
distribution center on surface (DTS NovePreloge).
For power consumption measurement in said main distribution center (Diagram in Figure 2-93), are
used:
·

Power meters on 20 kV, Siemens ZMB405CT116Sr14.6, 6 units

·

Power meters on 6 kV, Siemens ZMB405CT116Sr14.3, 28 units
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·

Clock synchronized with energy supplier

·

SCADA power management system Metronik CNSE

·

Readings from all power meters are stored in SQL database

Figure 2-93: PV High voltage network

Figure 2-94: SCADA power management system Metronik CNSE
Ziemowit Colliery:
In Ziemowit Colliery, due to difficult access to the switchgear in mine power grid, tests were carried
out with the help of an auxiliary Programmable Logic Controller (PLC). This PLC -a CX9020 controller
manufactured by BECKHO-F was programmed in a way that enabled the simulation of the controller
used in mine switchgear, and then it was used in simulations (Figure 2-95).
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Figure 2-95: PLC BECKHOFF CX9020 controller
The controller was programmed in a way that enabled changing the state of power switches and
simulating errors during switchovers and errors on a transmission line. Two counters were implemented to the controllers. Their task is to count the power for a given field. One of them can be reset
and used to count the energy consumed within one hour or one day. The second one (non-resettable)
counts the total energy consumed in a given field. The form of data kept on the controller is presented
in Table 2-2.
Table 2-2: Bit fields for communication with PLC controller
struct
{
short close : 1;
short open : 1;
short zeroCount : 1;
short zeroError : 1;
} controlWord;

struct
{
short state : 1;
short error : 1;
short : 0;
short absoluteCounter : 16;
short counter : 16;
} statusWord;
The application establishes a connection with the PLC using an Ethernet link and Modbus over TCP
protocol. Control bits included in “controlWord” structure are used to control the power switches,
counters and errors (Table 2-2). “satusWord” structure is used to collect the feedback. Buttons,
which are visible only in debugging mode, were added to the application to carry out the tests with
use of PLC controller (Figure 2-96). The tests enabled verifying the readiness for connection to the
system monitoring mine switching stations.
Further details can be found in Deliverable D5.1 – “Functional M-SmartGrid”
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Figure 2-96: Window in debugging mode
Task 5.4. Performance assessment
In what follow, data on electric power consumption, together with an assessment of the benefits of
implementing M-SMARTGRID are presented. More details can be found in Deliverable D5.2-Performance Assessment Report.
HUNOSA
In the following figures, charts representing the evolution of energy consumption and costs are presented.
In the first two (Figure 2-97 and Figure 2-98), it is presented the evolution of the annual cost of the
power term or component of the electricity bill for both pits (S. Nicolás and Montsacro) of Sueros
Colliery. It could be decreased from 2014 onwards using the information gathered through the monitoring systems, which allowed to adjust better the contracts to the actual needs.
In the Figure 2-99 it is presented the evolution of energy consumption. It can be observed a steady
decrease, product of the implementation of measures to improve the efficiency in the use of energy.
The only exception (high power in 2015 in S. Nicolás), is due to the high pluviosity of the year, which
required a higher operation time of pumping stations.
Figure 2-100 shows the total energy cost, which follows the same trends of energy consumption,
being applicable the same remark.
Finally, Figure 2-101 shows the unit energy costs, where a substantial decrease in the KWh cost can
be observed. This decrease is caused by two concurring factors: The first is the decrease in the
energy term of the electricity bill. The second is the decrease in the Power term (Figure 2-97 and
Figure 2-98) which, when divided by the total power consumption, made a lower contribution to the
unit cost.
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Figure 2-97: Energy cost in S. Nicolás pit (Power term)

Pozo Montsacro - Tp €/año
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Figure 2-98: Energy cost in Montsacro pit (Power term, €/year)
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sep.-16
151.106

Figure 2-99: Sueros Colliery. Annual energy consumption (KWh/year)

Figure 2-100: Sueros Colliery. Annual energy costs (€/year)
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PRECIO MEDIO (c€/kWh)
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Título del eje

11,500

10,500
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8,500
MONTSACRO

2013
12,033
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11,083
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10,137
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8,947

SAN NICOLAS

11,909

11,102

9,930

8,777

Figure 2-101: Sueros Colliery. Average unit energy cost (€/KW, € cents)

Premogovnik VELENJE
In Velenje mine, only initial data taking has been carried out, and no conclusions can be extracted.
Coal mine has seven major power consumption groups: Production, Coal Transport, Ventilation, Water pumping, Coal crushing and Air Compressor station. Average power consumption for these groups
in presented in next picture (Figure 2-102).

Figure 2-102: PV Power consumption by groups
If we look power consumption for one week (Figure 2-103) we can see expected correlations. Change
in production power consumption transfers directly to consumption of transport, crushing process,
compressor station. On the other hand, we can see more or less constant consumption for ventilation
and water pumping.
91

For detailed power measurement for major devices (Water pumps, belt drives, chain conveyors,
shearers) in the mine it was necessary to install new developed power sensors (task 5.3).
However, the late re-development of the “power-SmartGrid-Box” caused a delay of several months
in its implementation (also having effect on ATEX-certification), and these were not supplied before
the end of the project. Therefore, no test could be arranged in underground within project running
time.
Nevertheless, the initial proposed tests at a partner facility could be carried out, even though this
facility has been dismantled and rebuild at another place. And, although these tests were performed
near project end, they offered the possibility to test the “tailored diagnostc system” in conditions
very similar to underground ones.
During the re-building of partner’s test-bench, it was offered the possibility of supporting the new
installation by using the new “SmartGrid-equipment” developed in the project in parallel with their
own evaluation equipment on site.
The test bench is designed for the assessment of gear-boxes of mining machines, and offers nearly
the same machine conditions as those found in underground mining (start/stop, accelerating and
slow down, non-stop operation, with and without electrical load (generator)).

Figure 2-103: PV Power consumption in one week
Furthermore, the test-bench has been driven with inverter-motors, which offered the possibility of
measuring modern drive concepts.
Testing in that site offered additional advantages. As the measurements was carried out on surface,
the then un-certified “power-SmartGrid-Box” could be used in combination with the already certified
universal Monitoring Unit (XMU). Even the possibility of usingthe surveillance equipment at open
cabinets (see Figure 2-104) would be impossible underground.
The next photographs show the measurement activities conducted at the described partner facility:
The selected point gave the opportunity of connecting the monitoring equipment to the input of a
1,5 MegaWatt electric energy converter of the drive.
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Note: During the installation of our equipment as well as for the photographs at open cabinet, the
feeding transformer was off-line.
For installation of the sensor-unit of the “power-SmartGrid-Box” a single wire was coiled a few times
around one phase of the power-rails and then connected to the sensor-unit. Via two separated optical
fibre lines this unit was then linked to the processor & Laser unit of the “power-SmartGrid-Box”.
The then connected XMU with its powerful MC-system took care of the necessary data storage within
it’s database. The data can be used for further analysis, processing, evaluation or transmission via
Ethernet to other computers. The equipment in Figure 2-104 represents a “tailored diagnostic system”.

Figure 2-104: Test of a “Tailored Diagnostic System” at partner’s test bench
During the installation process of the gear-box test-bench, a big amount of data was collected, processed and analysed. As an example, the data of the already mentioned 1,5MW test on a conveyor
gear-box was processed and graphed. This graph, shown in Figure 2-105,corresponds to a continuous
start/stop test-sequence with inverter drive.

Figure 2-105: Test results of a “Tailored Diagnostic System” at test bench
The results obtained when testing the “tailored measuring system” in the combination of “XMU” and
“power-SmartGrid-Box” did show their perfect usability under near to real circumstances. Especially
the technology of the fully optical-separated sensor module simplified the work on medium-high and
high voltage in anexcellent way.
Finally, in Ziemowit Colliery, the simulator of the mine switching station was used to carry out the
functional tests of the software application. The simulation tests enabled testing the operation of
automatic algorithms for electric connections, i.e. changing the power supply variant in the case of
lack of availability of one of the transformers. In Figure 2-106, the window with list of tasks realized
during change of power supply variant from W-1 to W-4 is presented.
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Figure 2-106: Application windows at start of automatic switches
During switch to other connection variant the operations are realized sequentially and the following
steps are presented in a form of list of commands. The completed tasks are marked by green (success) or red (failure) icon, Figure 2-107.

Figure 2-107: Application window after completion of the first instruction
In the case, when the attempt of switching fails, the process of automatic switches is stopped. The
application tests carried out during task realization enabled validating its functionality as well as
enabled eliminating the errors in the source code.
Further details can be found in Deliverable D5.1 – “Performance Assessment Report”

2.3
2.3.1

Conclusions
WP1: Network/grid modelling and system architecture

In T1.1, a study of electrical network typology and topology provided useful insight for the project
as a whole and it also confirmed the benefit of satellite boreholes, as studied in WP2, for enabling
beneficial topologies that are impossible or impractical otherwise.
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The work on modelling electrical networks, for use in developing control algorithms in WP4, resulted
in the creation of two distinct software models instead of the one originally envisaged. The Threephase Model is suitable for modelling fault conditions in a 3-phase mine network but is too computationally intensive for other work. For general work, therefore, a Load Model was created and this
has proved particularly beneficial for simulating loads by using real data acquired from a working
mine. However, while the initial development was based on a particular mine, attention was given to
making the model generic, and documentation was produced so that it can be adapted to different
mines. Indeed, such an adaptation was carried out before developing control algorithms in WP4.
These models will also be suitable for control system development beyond that carried out in this
project.
In T1.2, a review of European smart grid initiatives has shown that, the leap to a mainly ‘smart’
network requires (1) maturity and compatibility of a range of technologies to suit different local
circumstances, (2) a willingness to invest and a belief that this will achieve future cost savings as
renewable technologies do not need fuel, (3) coherent strategies to move to completion by stages
without severe disruption and (4) a critical mass of stakeholders with the will to move in this direction. With the governments of major EU economies still wedded to a traditional burn and distribute
approach, it seems unlikely that European directives of a firm nature to implement smart technologies on a wide scale will appear in the near future. Needless to say, this European-wide view has not
detracted from the aims of this project, indeed it will probably be the success of such projects that
will act as a catalyst for projects of broader scope. A particularly relevant observation is that few
references have been found to the needs of heavy industry regarding smart grid development.
Regarding the analysis of the electricity markets, while the objective was to provide reference material for use throughout the project and, therefore, a conclusion is not necessary or appropriate a
couple of remarks can be made. First, an extensive deregulation of the electricity market has taken
place in all the countries, providing the benefits of competition to all users. Second, while an effort
was made to provide specific information on the tariff types available to large consumers such as
coal producers was sought, great difficulty was experienced in finding any electricity suppliers who
would discuss this topic except in the context of a sales opportunity. Accordingly, to pursue this
further, those partners who are coal producers will need to enter into negotiations with suppliers.
In T1.3, the analysis of surface networks, together with the work carried out in other tasks in the
Workpackage led to some interesting conclusions. One is that the existing data transmission infrastructure, namely Company Local Area Networks (LAN), shall be used for implementing the monitoring and remote control functions. This means that sensors and other control gear shall have standard
Network interfaces, like Ethernet or WiFi. Other is that, contrary to usual practice in automation,
endpoint control devices acting on switchgear do not need to have a high intelligence level (for taking
decisions the grid management system has to have global information on most loads, information
that usually is only available at control rooms). A third is that these endpoint control devices shall
use standard protocols for information transmission to control rooms. And last, but not least, information gathered from the electricity suppliers’ show that them have no willingness to implement
SmartGrid initiatives in supply to mines.
In T1.4, the analysis of underground networks, together with the work carried out in other tasks in
the Workpackage led to similar conclusions than those drawn in T1.3. One is that the existing data
transmission infrastructure shall be used to the greatest possible extent for implementing the monitoring and remote control functions. In practical terms, this means that the physical interfaces of
new sensors and other control gear shall be compatible with the ones used in each mine; and therefore, that new devices shall have an ample range of interface options. Other is that, contrary to usual
automation practice, endpoint control devices acting on switchgear do not need to have a high intelligence level (for taking decisions the grid management system has to have global information on
most loads, information that usually is only available at control rooms). And last, but not least, that
these endpoint control devices shall use standard protocols for information transmission to control
rooms.
The main conclusion of T1.5 is that ModBus protocol, and preferably its variant ModBus over TCP
shall be used as the protocol of choice for new equipment, be it commercially available or developed
in the Project. The use of classic ModBus RTU protocol should be limited to cases where a LAN
connection is not available. Either protocol will be used for communication between data acquisition
and control hardware and the software running in the control room. This conclusion applies to both
surface and underground segments of mine’s electric networks.
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2.3.2

WP2: Feasibility of grid reinforcement through satellite boreholes

In T2.1, a thorough understanding has been obtained of the stages necessary in a project to drill
and case a borehole that would be suitable for this application, and to survey it while drilling to
ensure that the path is correct and that the condition of the borehole and its casing meets the quality
requirements. Included here are both the technical and the commercial aspects involved.
A review of methods for drilling, casing and surveying boreholes has confirmed that the methods
already available, and used primarily by the oil and gas industries, are suitable for the requirement
of drilling boreholes to intersect with mine workings. Specialist drilling contractors would be able to
undertake such a project with the implication that no fundamental new techniques would need to be
developed.
In T2.2, a review of methods of cable suspension and installation has confirmed the viability of the
safe installation and maintenance of power cables into boreholes for augmenting a mine’s power
network. However, the situation in Poland is different. The legal framework is established in the
Annex nr 4 to Regulation of Ministry of Economy of 28 June 2002 (Journal of laws of 2 September
2002 No. 139, par. 1169) item 7.3.13, which says:
“Laying cable in horizontal or vertical holes has to meet the following requirements: (1) the drilling
are protected with steel tubes, (2) telecommunication cables have sheathing, (3) in the same drilling,
electro-power cable and telecommunication cables cannot be laid, (4) in drillings of inclination over
45° and vertical, the cables should be adapted to such installation and will be fixed to the hoisting
rope in a distance not longer than 6m, (5) drillings in which cables are laid should be filled or stopped
and sealed with not flammable material on outlet and inlet ends.”
In summary, while borehole grid augmentation approaches appear to be part of the industrial scene
in Australia, the USA, and historically the UK, current legislations limit their use in Poland, Therefore
the Polish partners worked closely with the UK partner to establish what technology transfer possibilities into the Polish industry may be developed.
Following on from the recommendation in T2.3, that the Rogowski coil would be a suitable means of
partial discharge monitoring, for detecting damage to the insulation of high voltage cables, well
before any such damage poses a fire risk, a variant constructed using printed circuit boards is recommended for this application. While such coils are commonly used for small diameter applications,
and that is certainly true of prototype PCB-based Rogowski coils, it can be appreciated that a suitably
large printed circuit would permit a conductor of say 100mm diameter to be accommodated.
In T2.3, a limited appraisal into network topologies, following from that in T1.1, has further confirmed
that the use of boreholes into remote areas of a mine allow electrical system topologies that are
otherwise either impossible or impractical. However, it was also found that the range of application
of this technology is quite limited in the European Industry. There are three factors that led to this
conclusion: first, most underground operations are being shut down -all in western Europe-. On the
other hand, the ones continuing operations are quite mature, with well-developed electrical infrastructure that not require supplemental capacity. Finally, in several cases (i.e., Poland) this way of
supplying power is not allowed.
A study concluded that partial discharge monitoring would be effective as an electrical system condition monitoring approach. Using this technique, any deterioration in the electrical system insulation
could be detected well before it presented hazardous conditions. In particular, research into the use
of generic high frequency current transformers (HFCT) and the Rogowski coil variant in particular,
has resulted in the recommendation of this technique for high voltage power feeder cable monitoring
application. This was followed up in T2.2.
In T2.4, the feasibility of achieving several additional operation benefits of boreholes drilled primarily
to reinforce a mine’s electrical network have been confirmed. The benefits in improving a mine’s
climate can be summarised as:
·

The ability to provide greatly enhanced ventilation to deep mines, providing air conditioning
and substantial dilution of local methane levels and respirable pollutants.

·

The provision of a cost-effective means of improving ventilation both in mines which are very
deep or have limited life.

·

The maintenance of an independent ventilation source as a back-up to the main ventilation
fan.
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In the area of search and rescue, boreholes can be used to improve ventilation to remote parts of
mines to the benefit both of rescuers and trapped miners. Additional benefits of boreholes in the
rescue context include communication, the provision of food or materials to trapped miners, and
emergency egress.
The use of vertical boreholes for transporting minerals from an underground mine is in its infancy
with no reported applications and minimal research. As such, there is potential scope for researching
the adaptation of methods used with largely horizontal pipelines for use in deep mining. This would
be considered a major research project, especially in the case of the shared use of a borehole constructed for other applications, including the reinforcement of a mine’s electrical supply network.
In T2.5, several post closure applications for the boreholes studies in this WP have been considered.
Boreholes are suitable for water sampling post closure from an engineering viewpoint. However, their
location within the mine might not be as suitable as a position close to a shaft, a location that is
often used because shafts are well connected with other parts of the mine. However this is not an
overriding concern because, with any borehole, there is always a possibility that sampled water is
not representative.
In situ minewater treatment is not a mature technology, indeed there are serious questions over the
viability of the technique, so it must be concluded that there is currently no application of reused
boreholes for this purpose
Often, the diameter of a borehole drilled for grid reinforcement would be adequate for protecting
pumping applications although sometimes a much larger diameter borehole would be required. There
is possible concern over the positioning of boreholes drilled for electrical use as these would tend to
be towards the lateral extremity of the mine so the boreholes could become isolated from other parts
of the mine, thereby not being able to prevent water rebound in other parts of the mine.
Electrical reinforcement boreholes are almost ideal in every way for abandoned mine methane extraction for electricity generation. They would be of adequate diameter and intersect with a roadway
in an area of the mine with recently disturbed coal. An average cost saving of £1,000,000 is estimated
with an extra amount up to £500,000 if the mine’s supply grid could be used for electricity export.
Use of boreholes for disposal of solid waste in slurry form is feasible but only if adaptation was carried
out at abandonment time to install horizontal pipes and dams for compartmentalisation.
It is considered highly unlikely that any boreholes constructed for the reinforcement of a mine’s
electrical supply network will be suitably located to intersect with unmined coal reserves as would be
required for application in a UCG scheme. However, they do show promised for stand-alone CCS,
possibly in conjunction with AMM extraction.
A borehole of the sort of diameter that might be used for electrical supply use would be suitable for
a small-scale heating project based on the extraction of mine water.
2.3.3

WP3: Sensors, actuators and modular control systems

All technical objectives of WP 3 were achieved. Sensors and actuators with high intelligence level
(smart sensors) for managing electric distribution gear, with wired and/or wireless connections were
developed.
Also,were developed modular monitoring devices able of managing these sensors and transmitting
its readings to the mine power management system.
Finally, a diagnostic system tailored for power stations and mining machinery was implemented,
although it was not possible to complete ATEX certification before the end of the project. Several
tests have shown the usability of each of the above devices and with possible support of potential
users, the two open ATEX-certifications can be finished.
2.3.4

WP4: Decision support systems and automatic network management

A software application used for supervision and control of power grid was developed with the tasks
of this WP. The software gains information from controllers sensors developed within other tasks
realized within the project. Use of open communication protocol also enables cooperation with many
devices available on the market.
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As an extension to the work on software models carried out in T1.1, a scaled physical model was
produced offering several additional benefits.
An initial study of the application of fuzzy logic to the modelling of a mine power management process, exercised using a mine software model and a physical model, suggests that this is, potentially,
a novel and valuable technique that would be worthy of a more detailed further study. An initial study
of the application of fuzzy logic to the modelling of a mine power management process, exercised
using a mine software model and a physical model, suggests that this is, potentially, a novel and
valuable technique that would be worthy of a more detailed further study.
The software application ensures quick and easy access to information about condition and load to
the power grid. Apart possibility of switchover and monitoring of bays of switchboards, the application
has a module supporting the taking decision process during changing the connections to adopt the
grid to actual power demand as well as it helps taking decisions regarding switchover to pass by
damaged parts of power installations. The module assisting the user in planning the power demand
is other important function of the application.
The developed application has a modular design, what enables easy adaptation of the system to
individual demand of the mine or other enterprises and brings maximal added value. The implemented system makes the base for the concept of smart power grids.
2.3.5

WP5: Integration and field tests

Tests of created application for management of power grid supporting taking the decisions in emergency situations, play an important role in assessment of correctness of its operation as well as in
assessment of its operational reliability and safety of its use. The application was tested within tasks
in WP5. These were mainly simulations, which consisted in:
·
·
·
·

communication with controllers equipped with Modbus TCP communication protocol, widely
used in the industry,
verification of AGM module operation,
verification of DSS1 module operation,
verification of DSS2 module operation.

The application usability was also verified by end users, i.e. mine representatives. Their remarks
were included in the verification process. The tests proved the correct operation of application and
its readiness to be implemented in industrial conditions. They also showed that implementation of
this application in the mine can significantly simplify management of grid and minimize the time of
breakdowns.
The implementation of M-SMARTGRID technologies allowed a substantial reduction in both the absolute and unit cost of energy in Sueros Colliery. When compared in homogeneous terms (not including power used in pumping stations), it can be observed a steady decrease in the power consumption, mainly derived from the better knowledge on its structure gained through measuring.
Even when including pumping, the reduction in unit costs is significant. Taking 2013 as baseline, unit
cost was reduced from 12 to less than 9 € cents per KWh in only three years, and total bill from 2,9
to 1,3 M€ (-56%).

2.4
2.4.1

Exploitation and impact of the research results
WP1: Network/grid modelling and system architecture

Not applicable. This WP was only the base for developing the remaining ones
2.4.2

WP2: Feasibility of grid reinforcement through satellite boreholes

Various reviews, covering areas of boreholing drilling, casing and surveying while drilling, plus methods of lowering a cable into a borehole, supporting it and means of ensuring adequate safety, most
notably by detecting early signs of cable insulation breakdown, have confirmed the feasibility of
engineering satellite boreholes for grid reinforcement. Existing techniques have been shown to be
adequate with little or no adaptation. A survey of network topologies has indicated that several types
of electrical network that are not considered possible or practical otherwise, are possible by using
such boreholes and operational benefits can ensue.
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While there is evidence that the use of boreholes could be economically viable if drilled solely to
reinforce a mine’s electrical network, if additional operational applications of the boreholes can be
identified, greater economic benefits could accrue. Accordingly, several alternative uses were studied. It was concluded that there are potential benefits in the areas of mine climate control (enhanced
ventilation, dilution of local methane levels), search and rescue and, potentially, mineral transport.
This latter application is in its infancy and is, therefore, considered a major research topic in its own
right, especially in the case of the shared use of a borehole constructed for the reinforcement of a
mine’s electrical supply network.
An extensive review was also carried out into potential applications of grid reinforcement boreholes
following eventual mine closure. Again the rationale is that if secondary applications are shown to be
viable, the justification of drilling the borehole is more obvious. Eight such post-closure applications
were studied. Here those that are deemed to be practical, and which could offer economic benefits,
are discussed.
Water Sampling – Boreholes drilled for reinforcing a mine’s electrical network are considered suitable
for water sampling post closure from an engineering viewpoint.
However, their location within the mine might not be as suitable as a position close to a shaft, a
position often used because shafts are well connected with other parts of the mine, There is a possibility that the water sampled in a remote district of a mine would not be representative of the mine
as a whole.
Neverthelsss, it is stressed that this is not an overriding concern because, with any borehole, there
is always a possibility that sampled water is not representative. Indeed, where sampling in the vicinity of a shaft is possible, by use of a borehole into a remote district of the mine, it is possible to
obtain a view of the degree of compartmentalisation of the mine.
Protecting Pumping – For a large number of sites, the diameter of a borehole drilled for grid reinforcement would be adequate for the necessary pumping rate. However, this is not universally true
and some protective pumping schemes would require a much larger diameter borehole.
As with water sampling, though, there is possible concern over the positioning of boreholes drilled
for electrical use as these would tend to be towards the lateral extremity of the mine so the boreholes
could become isolated from other parts of the mine, thereby not being able to prevent water rebound
in other parts of the mine.
Because pumping schemes use submersible pumps which need to be lowered into the borehole,
straightness is an issue with boreholes that had employed directional drilling techniques as might
have been the case with electrical supply boreholes.
AMM Extraction – The use of existing boreholes of the type envisaged in this project have been
described as almost ideal in every way for AMM extraction. They would be of adequate diameter.
They would intersect with a roadway in an area of the mine with recently disturbed coal which will
be an area with ideal conditions for methane desorption from the coal.
An average cost saving of £1,000,000 is estimated on the drilling, based on a drilling cost of £500,000
for a new borehole but only 50% probability that the mine is suitable. In addition, so long as the
scheme is started immediately after mine closure, a further saving of between £50,000 and £500,000
would be achieved since the mine’s electrical grid connection could be used for export, thereby obviating the need for a new grid connection. The scheme could also be brought online an estimated
six months earlier due to the time saving resulting frfom not having to drill a new borehole or engineer a new grid connection.
Stand-alone CCS – The use of existing boreholes in a stand-alone scheme, in which coal that has
been disturbed, but not gassified (existing boreholes are not deemed suitable for underground coal
gasification), is used for CCS, shows promise, possibly in conjunction with AMM extraction. For much
the same reasons that a borehole drilled into a laterally remote district of the mine would be in a
good position for AMM extraction, it would also be good for CCS which is a reverse mechanism
requiring access to recently disturbed coal such as that above and below a worked panel.
It should be borne in mind, however, that there is conflicting information on suitable depths for CCS
and considerably more research would be required into this aspect before coming to any firm conclusions regarding a particular site.
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Ground Water Based Heating – The main cost benefits of using an existing borehole for this application are (a) that it will intersect with ground water, so long as the mine is flooded to adequate depth,
and (b) that the borehole could be used to conduct a feasibility study into the site, measuring water
temperature and carrying out a trial pumping exercise, with having to commit significant funds to
the project by speculatively drilling a borehole.
A borehole of the sort of diameter that might be used for electrical supply use would be suitable for
a small-scale heating project
2.4.3

WP3: Sensors, actuators and modular control systems

Due to the situation in the international coal mining industry, DMT is currently looking for possible
“X-safe” application in the area ofcokery technology. In a medium term, a possible order is expected
for a larger project in this context. Also the developed “SmartGrid-Boxes” out of this project “MSmartGrid” are in the focus of possible implementation.
Furthermore, DMT is searching for potential partner to advance the marketing of this “tailored diagnostic system”.
In the case of AITEMIN, no exploitation will be possible, as direct consequence of its liquidation.
2.4.4

WP4: Decision support systems and automatic network management

The software application developed within the project is dedicated for management of mine power
grid, but it can also be used for management of any power grid, structure of which was implemented
to the application. Moreover, after slight modifications it is possible to manage not only the power
grids, but also other grids, e.g. hydraulic or pneumatic ones. Management of these grids requires
use of other actuating devices (hydraulic or pneumatic electro-separators) and measuring devices
(flow-meters, pressure sensors). From the point of view of management-and-advisory system these
are not significant changes and the application can be easily adapted to management of these grids.
2.4.5

WP5: Integration and field tests

The results of the activity in this Workpackage are already in use by the involved industrial partners,
where its use allowed achieving significant savings in both abjollute energy consumption and on the
unitary costs.
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LIST OF ACRONYMS AND ABBREVIATIONS
"

Symbol for inch, Imperial unit of length, equivalent to 25.4mm

AFC

Armoured Face Conveyor

AMM

Abandoned Mine Methane

ANN

Artificial Neural Networks

ATEX

Atmosphere Explosible
(series of EC directives related with explosive atmospheres)

Bluetooth

Ad-hoc wireless network standard

BET

Basic Effective Temperature

CCS

Carbon Capture and Storage

CMI

Condition Monitoring Index

CO2

Carbon Dioxide (chemical formula)

FFT

Fast Fourier Transform

ft

Foot, Imperial unit of length, equivalent to 304.8mm

EU

European Union

FO

FibreOptic

GWP

Global Warming Potential

HFCT

High Frequency Current Transformer

HTHP

High Temperature, High Pressure

HP

Horse Power, Imperial unit of power, equivalent to 745.7W

HTML

Hyerarchical Text Markup Language (used in all Internet pages)

H&S

Health & Safety

ICT

Information and Communication Technology

IEEE, IE3

Institute of Electric and Electronic Engineers

INTERCOM

Intercommunicator

IP

1.InternetProtocol,2.IntellectualProperty

IPR

Intellectual Property Right

k-cmil

Thousands of circular mil, the latter being an Imperial unit of area, equivalent
to 5.067×10−4 mm²

kV

Kilovolt (thousands of volts), unit of electrical potential

LAN

Local Area Network

M1,M2

ATEX categories as defined in ATEX Directive 2014/34/EU

Ma, Mb

Equivalent categories to the above in IEC 60079-xx Standards Family

MP-GC

Mine Power with Ground Check (type of 3-conductor mining feeder cable)

MRSL

Mines Rescue Service Limited (UK mines rescue organisation)

MW

Megawatt (millons of watts), unit of power

nC

Nano coulombs (billionths of coulombs), unit of electrical charge

OLE

Object Linking and Embedding, a technology for data exchange between computer applications.

OPC

OLE for Process Control

PCB

Printed Circuit Board
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PDA

Personal Digital Assistant

PLC

1. Programmable Logic Controller

PROMOS

Programmable Modular System, a control system for underground mining
currently manufactured by Becker Mining

PSTN

Public Switched Telephone Network

PWM

Pulse Width Modulation

RELIA

Red Local de Instrumentos Avanzados, a control system for underground mining designed and manufactured by AITEMIN

RFID

Radio Frequency Identification

RSA

Republic of South Africa

RTU

Remote Terminal Unit

SCADA

Supervisory Control and Data Acquisition

SQL

A special database language for definition of data structures

TCP-IP

Transfer Control Protocol-Internet Protocol

UCG

Underground Coal Gasification

UPS

Uninterrupted Power Supply

VoIP

Voiceover Internet Protocol

WLAN

Wireless Local Area Network

XML

eXtended Markup Language

UMTS

Universal Mobile Telecommunications System, a third generation (3G) standard for mobile telephony

3G

Third generation of mobile telecommunications technology

106

2. Power Line Communication

6

REFERENCES

[1]

Abhinav P., Abhishek K., Srivani S.G., Fuzzy Logic Technique for Smart Grid Fault Detection,
International conference ICPC ES 2012 at National Institute of Technology, Mysore, ISBN :
978-93-81693-82-7

[2]

Bazin, A. S. (2013) Abandoned Underground Mine Remedy Evaluation and Remedial Design
Captain Jack Mill Superfund Site, Colorado, British Columbia Mine Reclamation Symposium
2013. Available: https://circle.ubc.ca/bitstream/handle/2429/45279/Bazin_A_S_BC_Mine_2013.pdf

[3]

Baczyński D., Parol M., Estymacja obciążeń szczytowych stacji transformatorowych SN/nN za
pomocą metod statystycznych oraz metod sztucznej inteligencji, 11th International Conference on Actual Problems in Electroenergetics, APE’03, Gdańsk - Jurata, Poland, (ISBN 83909885-2-6), June 11 - 13, 2003 r., tom III, pp. 123-130.

[4]

Baczyński D., Helt P., Short-term electric energy consumption forecasting using artifical neural networks aided by evolutionary algorithms, Przegląd Elektrotechniczny, ISSN 0033-2097 ,
2009, pp. 207-209

[5]

Bellinger, G., 2004. Modelling & Simulation – An Introduction. Available at: http://www.systems-thinking.org/modsim/modsim.htm [Accessed 7th March 2014].

[6]

Bielińska E.: Prognozowanie ciągów czasowych, Wydawnictwo Politechniki Śląskiej, Gliwice,
2007.

[7]

Billewicz K.: Smart metering - inteligentny system pomiarowy, PWN, Warszawa, 2011.

[8]

Chichuro F., Junzo K., An expert system for fault section extimation using information from
protective relays and circuit breakers. IEEE Transactions on Power Delivery, IEEE Trans
Power Delivery, vol.1, no. 4, pp.83-90, 1986.

[9]

Dufour, C., Andrade, C., Bélanger, J., 2010. Real-time simulation technologies in education:
A link to modern engineering methods and practices. Proceedings of the 11th International
Conference on Engineering and Technology Education INTERTECH 2010 Ilhéus, Bahia, Brazil,
March 7-10, 2010.

[10] Fink, P. and Lusth, J., A Second Generation Expert System for Diagnosis and Repair of Mechanical and Electrical Devices, SAE Technical Paper 860337, 1986, doi:10.4271/860337

[11] Keyhani A.: Design of Smart Power Grid Renewable Energy Systems, Wiley-IEEE Press, New
Jersey, 2011.

[12] Lichota, A., 2004, Short-term forecasting in the local hourly electricity market. Proceeding to
5th Conference Electricity Distributions Networks, SIECI 2004, Wrocław, Poland, September
15-17, 2010.

[13] Niedereliński A.: Regułowo-modelowe systemy ekspertowe, Jacek Skalmierski Computer Studio, Gliwice, 2006.

[14] Parol. M, Helt P, Baczyński D., Piotrowski P, ANN and EA in Electrical Distribution Network

Optimisation, Computational Intelligence and Applications, Berlin 1999, Physica-Verlag, c/o
Springer-Verlag GmbH&Co.KG, 1999.

[15] Piotrowski P., Kujszczyk S., The peak power and energy consumption short - term forecasting using artificial neural network in selected groups of energy consumers, Proceedings of
4th International Conference on Unconventional Electromechanical and Electrical Systems UEES'99, Petersburg, June 21-24, 1999.

[16] Qela, B. and Mouftah, H T, 2014, Peak Load Curtailment in a Smart Grid Via Fuzzy System
Approach, IEEE Transactions on Smart Grid 5(2), pp761-768, March 2014.

[17] Sottile J, Gnapragasam SJ, Novak T, Kohler JL (2006) Detrimental Effects of Capacitance on

High-resistance-grounded Mine Distribution Systems. IEEE Transactions on Industry Applications, 42(5), pp1333-1339

[18] Szlosek M., Applications of neural networks for the power quality factors measurement - i.e.
voltage fluctuations, Kierunki działalności i współpraca naukowa Wydziału Elektrotechniki,
Automatyki, Informatyki i Elektroniki: materiały konferencji zorganizowanej z okazji Jubileuszu 90-lecia AGH, Krakow, Poland, 28-29 May 2009. may 28-29, Poland,pp.75-76, ISBN
978-83-88309-87-8

[19] Venayagamoorthy, G. K., 2005. Comparison of power system simulation studies on different
platforms – RSCAD, PSCAD/EMTDC, and Simulink SimPowerSystems. International Conference on Power Systems, Operation and Planning.
107

[20] Vutukuri, V. S. & Singh, R. N. (1995) Mine Inundation – Case Histories, Mine Water and the
Environment,
Volume
14,
Issue
1,
Available: http://www.imwa.info/bibliographie/14_14_107-130.pdf

pp.

107-130.

[21] Weron R.: Modeling and forecasting electricity loads and prices, John Wiley & Sons, Chichester,
2006.

[22] www.mathworks.com

108

HOW TO OBTAIN EU PUBLICATIONS
Free publications:
• one copy:
via EU Bookshop (http://bookshop.europa.eu);
• more than one copy or posters/maps:
from the European Union’s representations (http://ec.europa.eu/represent_en.htm);
from the delegations in non-EU countries (http://eeas.europa.eu/delegations/index_en.htm);
by contacting the Europe Direct service (http://europa.eu/europedirect/index_en.htm) or
calling 00 800 6 7 8 9 10 11 (freephone number from anywhere in the EU) (*).
(*) The information given is free, as are most calls (though some operators, phone boxes or hotels may charge you).

Priced publications:
• via EU Bookshop (http://bookshop.europa.eu).

KI-NA-28-915-EN-N

Energy consumption is a major cost component in all mining operations.
Electrical systems are quite often over-designed, and as such have high energy
consumption while in an idling state and quite often having peak power values
several times higher than the average power; due to the intermittent nature of
some major mine loads (extraction, hauling, water pumping, booster fans).
M-SmartGRID was a 3-year research project aimed to develop and implement
a novel approach to mine power engineering involving Smart Grid systems,
together with the use of engineered boreholes to provide direct power
connections from the surface.
Work was carried out in the following fields:
•	Development of power network models, including local constraints such as
tariff structure, statutory and regulatory constraints, etc.
•	Appraisal of mine grid topologies, including an investigation into the use of
satellite shafts for cost efficient grid reinforcement capabilities.
•	Development of intelligent sensors and actuators to enable a scalable
modular control system, specifically aimed at power control applications.
•	Development of software for automatic power management (dispatching)
under normal operation conditions.
•	Development of Decision Support Systems (DSS) for advising operators on
how to perform power management (in abnormal operation circumstances,
including but not limited to incidents, accidents, partial breakdowns, etc.).

ISBN 978-92-79-77017-3
doi:10.2777/561966

