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ABSTRACT

Underground mine blackouts can cripple safety, productivity, and equipment assets. Despite
redundant design of the power distribution systems, inefficient switching procedures during
outages lead to excessive downtime and loss of production. The number of switching
operations must be reduced. This paper implements a LIP onto a graph to deliver a switching
strategy, to restore critical electrical services faster than the current procedures allow.

By employing distributed generators, the proposed method aims to minimise electrical
blackout impact through efficient load reconfiguration. Application on a case study mine in
South Africa demonstrated a 58% reduction in switching events (from 117 to 54) compared to
the mine’s current approach, achieving 77% faster critical service restoration time. This
method enhanced safety and efficiency, and reduced equipment damage during mine
blackouts and should be considered for application across the entire Southern African mining
industry.
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1 INTRODUCTION

Mining is a global industry that plays a crucial role in providing raw materials essential for
modern society. By optimising the extraction process, mining companies can enhance their
profitability and contribute to the long-term viability of the industry [1-3].

The application of electricity on the mining sector represents a distinctive domain, which is
distinguished by its challenging operational environment, dynamic power loads, cyclic and
mobile operations, and strict adherence to safety standards. To optimise safety, efficiency,
and productivity, it becomes imperative to address the specific challenges posed by this sector

[4].

The hazardous underground environments are often dusty, humid and contain toxic gases.
These harsh environmental factors can lead to accelerated equipment degradation, corrosion,
and potential short-circuits or electrical failures [4].

There is limited space for installing electrical distribution equipment in underground mines.
This constraint can make maintenance, repair, and expansion of the electrical system more
challenging. Many mines are in remote areas, making it difficult to access them for
maintenance and repair. This can lead to longer downtime in case of equipment failure [6].

The risks of extended power outages are numerous and based on the specific equipment
underground. The main risks in underground mining are [5-14]:

Flooding due to pumps not running

Loss of life due to insufficient ventilation

Loss of production and injury due to insufficient lighting
Failure to transport personnel leading to exhaustion or death
Loss of production due to material transportation

Loss of production due to lack of compressed air supply

All the risks listed above either lead to injury, death, or production losses which are critical
drivers to mitigate in mining. Underground mining relies on real world underground electrical
distribution systems to power equipment to effectively and safely mine. However, power
outages occur and range in severity.

Service restoration planning is an important tool for improving modern distribution network
resilience stated by Shen, et al. [15]. Improper handling of partial failures can lead to chain
reactions that cause large scale damage to electrical distribution systems, budgets and human
resources [16].

Service restoration plans are implemented to mitigate the risk of inefficiency and loss of life
involved with extended power outages. Service restoration efforts in underground mines
however face many challenges that lead to ineffective distributed generation utilisation and
prolonged implementation periods.

This study aims to deliver a feasible service restoration plan for critical electrical services in
underground mines’ real-world distribution systems that employ distributed generation.
Furthermore, it will attempt to shed light on service restoration plan efficiency through
switching optimisation.
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2 LITERATURE ON SERVICE RESTORATION SOLUTIONS

2.1 Network reconfiguration objectives and constraints

For this study, 37 papers were evaluated and categorised according to the objectives denoted
by the studies. These studies were categorised further to determine the distribution network
state (normal operations, abnormal operation and network design phase) that the network
reconfiguration techniques were applied to. The outcome is shown in Figure 1.
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Figure 1: Studies within the network reconfiguration field categorised according to
objective

Many studies in the network reconfiguration space denote objectives as multi-objective
problems and are formulated as such. These are also included in Figure 1. Objective
investigations are done using the objectives attempted in the most network configuration
studies, as listed below:

Loss minimisation [17-39]

Voltage stability [17, 30-35, 37-41]
Load maximisation [17, 36, 38-44]
Cost minimisation [21, 43, 45-51]
Switching minimisation [38, 41, 52-54]

From the most popular objectives load maximisation and cost minimisation are specifically
used during abnormal operation of distribution systems.

Next, when solving service restoration problems, the solution is required to adhere to a set of
constraints. The specific constraints can vary depending on the type of network and the
optimisation goals, some common constraints are often encountered in network
reconfiguration problems [37]:

Radiality

Bus voltage limits

Loading limits of feeders/transformers
Sequence of switching operations
Number of switching operations

These constraints play a crucial role in defining the feasibility of service restoration solutions
and ensuring that the resulting configurations are safe, reliable, and compliant with various
operational and regulatory standards.
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2.2 Graph Theory

A problem space is required for modelling the optimisation of objectives and constraints
above. Graphs are mathematical structures used to model relations between objects. An
undirected simple graph is an ordered pair shown in Equation (7).

G=(V,E) Q)

Where G is the graph, V is a set of vertices/nodes, and E is a set of edges. Edges are defined
in Equation (2).

E c{{x,y}|x,y €V and x # y} 2)

Here, edges E is a set of unordered pairs of vertices with endpoints {x,y}; x and y is joined
with an incident on x and on y.

Graphs is used to model a wide range of real-world phenomena, including social networks,
transportation networks, computer networks, biological networks, and logistics problems.

2.3 Network Reconfiguration Techniques

A literature review was conducted to establish what techniques are used to solve different
service restoration problems. Categorisation was performed by multiple studies [19, 55-57]
based on the type of solution models used. Two of the studies Mahdavi, et al. [19] and Mishra,
et al. [55] specifically focussed on producing a comprehensive review that would categorise
the state of the art by the following three solution model types:

e Mathematical Optimisation Methods
e Heuristic Methods
e Metaheuristic Methods

When considering the categories of solution models [55, 56, 58, 59] the following was noted:

e Network reconfiguration through mathematical optimisation can be slow due to
complex search spaces and integer variables.

e Heuristic methods offer faster solutions to network reconfiguration problems by using
simpler searches but may not find the absolute best answer.

e Metaheuristics are higher-level procedures that guide the search for solutions in
optimisation problems with large solution spaces, aiming to find good solutions more
efficiently than traditional methods.

2.4 Testing Methods

Network reconfiguration studies implement solution methods on test systems such as the IEEE
bus systems, while service restoration studies focussed on scenario-based testing within the
same test systems. The scenarios include faults on various equipment types, extending to
multiple fault scenarios.

Figure 2 shows the standard test systems used in the studies considered in this literature
review, split between service restoration studies and network optimisation studies.
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Figure 2: Testing considered in literature review [17-54]

For service restoration problems there are fewer specific systems that are used for testing.
This may be due to the different scenarios that can be tested on one test system. Faults can
be induced in multiple ways on a single test system, which is less work than characterising
multiple test systems to form separate problem spaces.

2.5 Need for the study, and its objective

The previous sections showed that the shortcomings in this research field still require further
illumination. Two of the shortcomings observed is optimising switching events and uncertainty
as to how a LIP solution compares with a benchmark solution on a real-world electrical

distribution system.

This study aims to apply a LIP solution method to deliver a feasible service restoration plan
for critical electrical services in underground mines’ real-world distribution systems that
employ distributed generation. Furthermore, it will attempt to shed light on service
restoration plan efficiency through switching optimisation.

3 A NEW METHOD FOR SERVICE RESTORATION IN UNDERGROUND MINING

3.1 Step 1: Gather data

A strategy of data gathering is used as described by Pascoe [5]. Identifying data sources,
acquiring data and validating data.

The sensor data generated by the system must be stored to facilitate subsequent analysis and
modelling. Data validation is an essential process that safeguards the integrity and accuracy
of collected data. It encompasses a series of crucial steps to maintain the veracity of data
within data collection systems [60].

Once data has been validated, it can be used to create a verified graph.

3.2 Step 2: Characterise problem space

The data gathered is used to populate a graph model based on the technique used by Ibrahim,
et al. [38] and Zhang, et al. [61].

The purpose of a graph model is to emulate an electrical reticulation system. The graph model
is required to model load, bus, source and line components as nodes and edges to emulate a
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distribution system. Combining these components, models an electrical distribution network
as a graph. The IEEE 13 feeder test system [62] is shown in Figure 3.

5

646 645 632 633 634
. ® ® 0—%§—0
611 684

671 692 675
@ L — 0

[ J
652 680

Figure 3: IEEE 13-node test feeder [63]

This small circuit model, operating at 4.16 kV, serves as a benchmark for evaluating common
features of distribution analysis software. Its distinguishing characteristics include a short
length, a relatively high load, a single voltage regulator at the substation, a combination of

overhead and underground lines, shunt capacitors, an in-line transformer, and unbalanced
loading.

The system is now converted to a simplified graph model shown in Figure 4.

Figure 4: Graph model of 13-node test feeder

As seen in Figure 4, the graph model is developed based on the buses and edges of the system.
As shown in this system, one of the constraints of this study is that the solution must remain

radial for any source and bus combination. Next, the need to traverse the system using a graph
optimisation algorithm is needed.
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3.3 Step 3.1: Construct restoration trees

To construct restoration trees, the distribution system was modelled as an undirected graph.
Nodes representing critical loads are termed critical load nodes. The restoration path between
a given "source-critical load" pair is defined as any path with the minimum weight among all
paths connecting them. Dijkstra's algorithm is employed to determine restoration paths from
a given source to all critical loads. These paths are validated through power flow analysis, and
unfeasible ones are removed, resulting in a feasible restoration tree.

To minimise the number of power flow calculations and dynamic simulations, the programme
initially checks if the total load on the restoration path exceeds the maximum power that the
corresponding source can provide. If it does, the restoration path is deemed infeasible without
a power flow calculation. Conversely, a power flow calculation is performed if the load does
not exceed the source's capacity. If any operational constraint is violated during the
calculation, the restoration path is considered infeasible.

3.4 Step 3.2: Form load groups

Next, load groups are formed by exploring all possible combinations of critical loads on the
restoration tree for a given source. Each combination forms a load group, consisting of loads
on the restoration path spanning from the source to each critical load in the combination.
Load groups containing two or more critical load zones undergo feasibility evaluation through
power flow calculations. Infeasible load groups are removed from the set, leaving only feasible
ones.

3.5 Step 3.3: Analyse constraints

The constraints noted in literature have been considered and in accordance with most of the
reviewed work, the following operational constraints have been identified that will be
considered when determining the feasibility of a solution.

Power flow: Balanced power flow equations must be satisfied.

Bus voltage: Steady state bus voltages should be maintained within acceptable
operating limits.

Line Current: Steady state line currents should not exceed their limits.

Power balance: Each microgrid’s steady state output power should not exceed the
maximum amount of power that it is able to provide.

Radiality: Adhering to a radial network structure is crucial, meaning that each
critical load should be supplied by a single microgrid through a unique
path.

3.6 Step 3.4: Solve restoration problem

The optimisation problem is formulated based on these load groups. Suppose load group j
corresponds to source k and covers critical load zones iy, i,,...,i, (p = 1). This implies that
zones iy, iy, ..., i, can be restored by source k without violating any constraints along their
respective restoration paths. The goal is to select a set of disjoint load groups where any two
distinct load groups in the set correspond to different sources. Therefore, the critical load
restoration problem is framed as an optimisation problem that aims to maximise the total
number of critical loads and reduce the number of non-critical loads as follows:

Objective:

max Zj:gjeGuni yjcsum,j (3)
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for each load group j in universal set of load groups G,,;. Where y;, is the control variable,
and the status of load group j: If load group j is selected y; = 1; otherwise y; = 0. cgyy ; is the
total weighting factor of load zones in load group j and are the state variables.

No more than one load group associated with the same microgrid is selected, i.e.
Z]g]Eka]S]-'kEM (4)

Here G, is a set of load groups corresponding to microgrid k and M is the set of available
microgrids. Lastly no more than one load group including the same load zone is selected, i.e.

Yjieg; Vi S Lk € Zyp, %)
where Z,,,,; is a universal set of load zones.

The optimisation problem can be formulated as a Linear Integer Program (LIP). Numerous tools
are available for solving LIPs such as python libraries and MATLAB.

3.7 Determine restoration actions

To ensure that the constraints outlined are upheld, careful consideration is given to the
feeders and incomers from each substation within the load group combination. The sequence
of actions involves initially opening the main above ground substation feeders and then
executing switching events to apply the load groups effectively. Lastly, actions to disconnect
all busses that are not included in the load groups are removed, thus ensuring the restoration
process is carried out in compliance with the defined constraints.

4 RESULTS AND FINDINGS

4.1 Case study overview

An underground platinum mine situated in South Africa was selected as a case study. The mine
has an underground electrical distribution system that reticulates energy up to 1.3 km deep
underground.

The mine employs standard scenario-based restoration procedures developed by system
experts in the case of full power loss from power providers. This procedure is implemented as
a measure to protect personnel and mining assets using distributed generation and reducing
the energy demand of the network to essential equipment only.

The electrical distribution system operates at 6.6 kV and has a maximum supply capacity of
67.6 MVA. The layout of the underground mining operation is shown in Figure 5.
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Figure 5: Case study underground mining operation

In the case of a full blackout scenario, the total system supply capacity reduces to 9.7 MVA.
The system in Figure 5 has five usable supply points (three PP incomers and two distributed
generators). There are 88 loads and 49 buses.

The distribution system has seven critical loads as shown in Table 1, which are defined by a
restoration procedure document. Active mining areas are on Level 10 to Level 28; where all
personnel will be located.

All switches are manual. The travel time to substations is linear and for safety purposes a
maximum of two switching teams are dispatched when a service restoration procedure is
implemented. The first team operates the main consumer substation and the second operates
the underground substations.

4.2 Step1: Data gathering

Data spanning an entire month, collected at half hour intervals, was acquired from the existing
Electrical Monitoring System for each feeder. To ensure the accuracy of this data and its
alignment with the system’'s characteristics, the validation processes was rigorously applied.
Table 1 indicates the critical loads.

Table 1: Critical loads identified in the case study

Level Load (kW)
Surface 214

Comment

Main transportation from level 15 and
above to surface for personnel

Name
Man Winder

Service Winder | Surface 28 Secondary transportation from level 15
and above to surface for personnel

CL 15L-23L Level 15 36 Chairlift that extends from level 23 to
15

CL 23L-28L Level 23 57 Chairlift that extends from level 28 to
23

15L Pump No. 1 | Level 15 140 Main shaft dewatering pump for
pumping water to surface reservoirs

from level 15

22L Clear water
pumps

Level 22

36

Intermediate pumpstation to pump
water to Level 15 reservoir
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Name Level Load (kW) | Comment
28L Pump No. 1 | Level 28 139 Shaft bottom pump to pump water to
level 22 reservoirs

The location of critical loads was identified through inspection of the single line drawing and
the emergency response procedure document. These critical loads are required to protect
personnel and mining assets in the event of power loss.

The system’s generation capabilities were also identified by inspection of the energy system
while the size was confirmed by the data management system. Table 2 shows the supply
equipment in the distribution system.

Table 2: System generation

Name Location Maximum Level
Capacity

Diesel Generator Surface 3.6 MVA Surface
Diesel Generator Surface 3.6 MVA Surface
Turbine Generator Surface 2.5 MVA Surface
Eskom Incomer 1 Surface 20 MVA Surface
Eskom Incomer 2 Surface 20 MVA Surface
Eskom Incomer 3 Surface 20 MVA Surface

During a blackout scenario the Eskom incomers shown in Table 2 are unavailable as a supply
to the distribution system as they will be out of commission. The mine must then rely on the
9.7 MVA generators to provide power to the network and the critical loads.

Switching procedures for the response to a black start scenario was provided by the electrical
engineering team on site and is used as a baseline. The full switching procedure aligns with
the goal of switching on all necessary equipment to sustain life and protect assets.

4.3 Step 2: Characterise problem space results

From the data gathered the distribution system has 50 loads of which 7 loads are considered
critical during the blackout scenario. Table 1 shows the characteristics of the 7 critical loads.

The priorities of these loads are based on their switching priority and the usefulness of each
piece of equipment to either evacuate staff from the underground area, sustain life or protect
mining assets.

Non-critical loads’ have a lower priority compared to their critical load counterparts. This is
done to ensure speed of service restoration. It is evident that the expected sum of critical
load on the system is 6.8 MW. The following graph in Figure 6 was developed using the
components described above.
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Figure 6: Graph model developed of case system

Figure 6 is developed with the components discussed above to form a complete unidirectional
graph that represents the electrical distribution system. The edges are all available for
transition as all switches are considered accessible to the solution model. All switches are
weighted equally for the purpose of this study focusing on reducing switching events and
restoring the most critical load.

4.4 Step 3.1: Construct restoration trees results

Restoration trees are constructed for the graph model to route from each feasible source to
critical load node. Seven restoration paths are produced for diesel generators and seven more
restoration paths for the turbine generator. The restoration paths are tested for feasibility
through load flow analysis, which lead to zero exclusions as each generator can supply each
restoration path with sufficient power.

It is assumed that the restoration paths are isolated from bus nodes around them whilst
determining feasibility. Therefore, all loads connected to intermediate bus nodes will remain
connected, however bus-bus edges are removed to reduce the cold load pick-up and maximum
load required by each restoration path.

Critical loads have different path lengths based on the source of the restoration path. This is
due to the topological location of the sources in the graph. It is noted that the main difference
between the length of restoration trees seem to occur on the surface nodes, i.e. how the
surface bus is configured to energise the bus that leads to an underground area. The
underground switching is similar for each bus.

This is found to be positive as employing similar tactics when switching allows for less
confusion and therefore improved execution performance from switching teams [24, 64]. That
in turn, should lead to more reliable switching times. To find efficient solutions within the
given constraints, load groups need to be formed to ensure the best combination of critical
load to source connections are formed.

4.5 Step 3.2: Form load groups results

Load groups are formed using the restoration trees constructed in the previous section. From
the combinations 256 load groups are formed which are available for inspection and testing.
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Initial feasibility testing led to 50 load groups being eliminated due to the critical load nodes’
load being larger than the power that the specific sources could supply. All the eliminated
load groups were from the turbine generator load groups as it has a lower capacity than the
total load required to supply all consumers.

Weighting factors Cg,,, ; and load capacity are calculated for each load group. These are not
just totalled, as the routes for certain restoration paths are superimposed on each other as
can be seen for critical loads CL 23L-28L and 22L Clear water Pumps. Therefore, efficient bus
navigation will be achieved by implementing each load group.

As discussed earlier, power flow analysis is required to test the feasibility of load groups.

4.6 Step 3.3: Analyse constraints results

The constraint results are analysed using basic load calculations to verify that none of the
generated load groups are unfeasible and will overload the sources or lines. The solutions that
will overload are disregarded from the pool considered.

4.7 Step 3.4: Solve the critical load restoration problem results

After all feasible load groups were verified using power flow analysis developed in the previous
section, the optimisation problem was solved to deliver the best combination of load groups.
The results of the optimisation algorithm formation are shown in Table 3.

Table 3: Solutions found through solving optimisation problem

Sources Critical Loads Csumj | Load (kW)
Diesel Generators Man Winder, Chairlift 23L-28L, 15L | 4.8 4200

Pumps, 22L Pump, 28L Pumps
Turbine generators | Service Winder, Chairlift 15L-23L 1.8 700

The load groups selected are a subset of the full set of loads groups. The turbine generators
function far below their power capacity indicating the diesel generator is better centralised
to deliver power to the critical loads. A visualisation of the graph model is shown in Figure 7.
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T

Figure 7: Service restoration graph developed from solution model

The system shows two separate trees that are radial in nature which indicates a successful
application of the solution model to restore load to the graph model. The physical constraints
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of the network are described by the equipment rating in the distribution system. None of the
constraints are exceeded by this solution.

Next, the focus will be on the last problem to solve, which is the application of the solution
to the electrical network. The objective function was solved and visualised using python and
with the networkx library used to generate the graph

4.8 Step 3.5: Determine Restorative Actions

The solution for the graph model was converted into a switching procedure that can be applied
to the necessary electrical grid as described in the previous section. If the power balance
between the generation capacity and the load cannot be maintained. This leads to an overload
due to non-critical load connections on the network.

Firstly, the system does not maintain radial structures within the graph space leading to loops.
A radial structure is one of the main constraints to the service restoration problem. Secondly,
when tested for feasibility the load exceeds the capacity of the generator. This led to the
implementation of the last step of the solution method which involves opening all switches
that lead out of the substations that are being traversed that do not specifically lead to the
solution.

The interim steps are numbered in such a way that they define the sub actions that need to
be completed before the main action is executed. This leads to a combinatorial action
switching procedure shown in Table 4.

Table 4: Combinatorial restorative action table

Critical | Step | Substation Panel | Action | Effect
load
- 0A Main consumer sub | All Open | Disconnect all loads
E
c G 1 Gen Bus 3 Close | Gen Bus - SRF Bus 1
g E 2 Main consumer sub | 2 Close | Gen Bus - SRF Bus 1

3 3 Main consumer sub | 3 Close | SRF Bus 1 - Man Winder
§ o 4 Main consumer sub | 30 Close | Link Turbine Gen - SRF Bus 4
e '8 5 Main Consumer 31 Close | SRF Bus 4 - Service Winder
S sub
(%]
- 6 Main Consumer 1A Close | SRF Bus 1 - 28L Bus 1
® E sub

=5

o
L8 |7 Main Consumer 4 Close | SRF Bus 1 - 15L Bus 1
in £ sub
- 3

o

8A 15 Level Incline Open | 6 Disconnect entire 16L Bus to 23L
|
@ Shaft sub Bus
u_l|1 8 Main Consumer 29 Close | SRF Bus 4 - SRF Bus 3
- sub
o 9 Main Consumer 25 Close | SRF Bus 3 - 15L Longwall Bus 3
sub

L 10A | 23L Cluster sub 12 Open | Disconnect 28L Bus 3 Feeder
Q f o | 10B | 22L sub 5 Open | Disconnect 21L Bus
4% 2110 | Main Consumer 10 Close | SRF Bus 1 - SRF Bus 2
S sub
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Critical | Step | Substation Panel | Action | Effect
load

11 Main Consumer 20A Close | SRF Bus 1 -23L Bus 2
sub
12 23L Cluster sub 10 Close | 23L Bus 2 - 23L Bus 1

When the service restoration procedure is applied, the restoration trees will be implemented
effectively as shown in Figure 7. At this point all the steps in the solution procedure are
complete.

4.9 Evaluation of results

Power flow analysis is used to test feasibility in the previous sections and evaluation of solution
found. A MATLAB simulation package, Simscape, was used as a tool to conduct the power flow
analysis.

This network had power meters on the main consumer substation only. This led to the need
to approximate each individual load by averaging the power across all loads per feeder power
meter.

4.9.1 Restored Load

Similar load restoration results were achieved in the baseline switching procedure that was
developed by system experts using practical experience. However, the experts only leveraged
one of the distributed generators as a source of power. Figure 8 shows the comparison of load
restored in the case study.

® Maximum Capacity ®Load

Diesel Gen Diesel Gen Turbine Gen

Power (MW)
N w L [&)] [}

—_

Baseline Solution Model

Figure 8: Load restored comparison in case study

Figure 8 shows that both switching procedures restore service to each critical load in the
distribution network. The solution model result has a slightly higher load of 246 kW. To save
time, loads on restoration path buses are not removed.

The instructions on the baseline service restoration plan indicated that the man winder should
run at half speed due to limited capacity of the system. With the inclusion of the turbine
generator, the man winder can run at full speed as shown by the loads.
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4.9.2 Switching event evaluation

The generated switching procedure shows the solution method for a full blackout scenario.
The goal is to deliver electrical energy from the diesel generators to the critical loads in the
electrical network. Table 5 evaluates the number of switching events of the baseline and
solution method.

Table 5: Evaluation of switching events between baseline and solution

Index | Critical Load Baseline Switching | Solution model
events Switching events

0 Pre-emptive isolation | 40 39

1 Man Winder 3 3

2 Chairlift 15L-23L 23 3

3 Service Winder 5 2

4 Chairlift 23L-28L 22 5

5 15L Pumps 13 1

6 221 Pumps 1 0

7 28L Pumps 13 1

Total 117 54

For the specific scenario where switches are placed as described by the switching events
required in the baseline, switching events are more than double that of the solution model as
shown in Table 5. When comparing the worst-case scenario for each case, the number of
switching procedures required with the restoration paths, was 117 switching events and the
solution presented reduced switching events to 54. In this case study the 22L Bus and 23L Bus
are joined. Therefore, Chairlift 23L-28L and 22L Pumps are connected without any switching.

One of the key areas where the baseline switching procedure is outperformed by the solution
model, is when load is disconnected from the planned path. Instead of routing underground
restoration paths through 23L, the experts used a similar path to normal operations
reticulating from level to level instead of using feeders that travel directly from surface to
buses near the critical loads. This in turn, requires de-loading each bus in the network by
opening load switches at each underground substation. This then prevents overloading due to
unnecessary load that is connected during normal operation and isolating the restoration path.

The switching procedure for activating Chairlift 15L-23L is reduced by 20 events and Chairlift
23L-28L switching events are reduced by from 22 to 5 events. Lastly, all pump switching has
been reduced to 2 switching events.

In terms of switching event reduction, the solution model switching procedure is an
improvement on the baseline switching procedure.

4.9.3 Restoration time comparison

As stated earlier the implementation of the solution switching procedure was not cleared by
the on-site personnel that preferred to rely on the baseline switching plan. An electrical
blackout test is performed on the real-world equipment. The total time of the test lasted 1
hour 43 minutes from initial power loss to power restoration on for all critical loads.

The switching performance of underground teams is of interests as this is where the most
impact will be made on the number of switches required. Table 6 shows the time to restoration
for each of the critical loads underground.
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Table 6: Time estimation of underground switching reduction

Index | Critical Load Baseline Baseline Solution Estimated
Switching restoration model restoration
events time Switching time

(minutes) events (minutes)

2 Chairlift 15L-23L | 23 92 3 12

4 Chairlift 23L-28L | 22 103 5 23

5 15L Pumps 13 59 1 4.5

6 22L Pumps 1 100 0 12

7 28L Pumps 13 101 1 7.7

It is seen that there is a long initial switching time before services are restored to the first
critical load. The teams implement the switching plan of restoration of the first critical load.
This is due to most of the switching being done before re-energising each area. As there where
an upper shaft team responsible for critical loads two and four the switching of this team was
completed simultaneously with critical load four, six and seven. This is why there is a small
amount time between switching load two and four in the baseline case.

Estimated restoration times are based on an average switching rate for each critical load. The
teams are also allocated to the same areas during implementation. The switching times are
seen to be greatly reduced.

The 22L Pumps service restoration is performed during the switching of critical load two. This
further reduces the switching time required from underground switching teams. However, the
estimated restoration time will be the same as critical load two.

Through the efficiencies generated by the solution model switching procedure a total time of
implementation is reduced from 103 minutes to 23 minutes. The 77.6% estimated improvement
in implementation of the baseline service restoration plan is achieved.

The method is feasible for application of the solution method to deliver an adequate switching
plan to improve critical electrical service restoration efficiency. This reduces the risk involved
with power outages in underground mines through improved planning and reduced
implementation time.

Risk reduction of power outages in underground mines are one of the factors that will allow
for a bright future in the mining industry that can achieve zero-harm.

5 CONCLUSION

This study illuminates the critical challenge of minimising downtime caused by electrical
outages in underground mines. Inefficient utilisation of redundancy within the electrical
distribution networks can lead to extended downtime during maintenance, faults, or
blackouts. This research investigated optimisation techniques for network reconfiguration to
improve service restoration during blackouts.

The proposed solution leverages graph theory and optimisation methods to develop a switching
procedure that restores power to critical loads using distributed generation. A case study from
a South African platinum mine demonstrated the effectiveness of the approach. Compared to
the mine's current procedure, the proposed method achieved service restoration with
significantly fewer switching events (54 vs. 117) and ensured full restoration of critical loads.

These findings highlight the potential of the proposed solution method to enhance service
restoration plans in underground mines. By reducing the number of switching events and
guaranteeing complete critical load restoration during blackouts, this approach can
significantly enlighten overall mining reliability, safety, and efficiency.

This is a step towards a bright zero harm future in mining.
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