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Abstract

The electrification of mining operations presents significant challenges in power qual-
ity, particularly in remote open-pit mines where limited grid connectivity results
in reduced short-circuit capacity and increased susceptibility to voltage instability.
High-power induction motor startups in drilling equipment frequently generate sig-
nificant voltage sags, that compromise operational continuity and compliance with
power quality standards.

This thesis examines different configurations of the motor and drive system for
electric drilling units and their impact on voltage profiles in mining grids. The study
aims to determine how electric drillers can provide voltage support to improve grid
voltage stability. A comprehensive electrical distribution grid model was developed
in MATLAB/Simulink, incorporating typical mining environment loads. Critical
scenarios were identified through parametric sweeps across different grid strengths
to assess voltage sag depth, duration, and reactive power demand under multiple
operational scenarios.

Simulation results demonstrate that Active Front End (AFE) drives significantly re-
duce the severity of voltage sag, improve steady-state voltage profiles, and maintain
system stability under weak grid conditions. When AFE control is modified to pro-
vide dynamic reactive power compensation, additional voltage support is achieved,
further mitigating voltage sags and enabling stable operation under even weaker
grid conditions while maintaining voltage performance comparable to full AFE im-
plementation.

A key contribution of this work is to demonstrate that a single AFE-equipped driller
with compensation capability can effectively support multiple Direct-On-Line (DOL)
drillers during simultaneous operation, keeping Point-of-Common Coupling (PCC)
voltages within acceptable limits without requiring full fleet AFE conversion. This
selective deployment approach represents a technically robust and operationally vi-
able solution to enhance power quality and resilience in mining electrical systems.

Keywords: Active Frond End, Voltage Sags, Electric Blast Drillers, Grid Strength,
Short Circuit Ratio, Open Pit Mines, Voltage Stability, Reactive Power.
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1

Introduction

The mining industry has traditionally been a significant contributor to carbon diox-
ide emissions due to its reliance on diesel-powered machinery (include reference).
The principal mining processes such as extraction, material handling, and mineral
processing heavily depend on these machines, which generate emissions, heat and
diesel fumes that impact negatively on the work environment for mine workers. Fur-
thermore, mining sites are often located in remote areas with limited access to the
electrical grid or connected to weak grids, making it necessary to use diesel-powered
generators to support operations.

As the world transitions toward fossil-free energy, the mining industry is undergoing
a transformative shift toward sustainability. This change is driven by advancements
in battery technologies, improved grid management systems, and the integration of
renewable energy sources. The adoption of battery-powered electric vehicles (BEVs)
and machinery offers the potential for more efficient, safer, cost-effective, and envi-
ronmentally sustainable mining operations.

1.1 Background

Growing awareness of climate change has led many industries worldwide to pursue
the common goal of reducing carbon-dioxide CO4 emissions. The mining sector is no
exception and is steadily transitioning from diesel-powered machinery and vehicles
to their electric counterparts. This shift not only cuts emissions but also improves
worker health and safety while enhancing operational efficiency.[1].

The use of electric-powered vehicles is a trend across different industries, as trans-
portation accounts for 21% of the total emissions worldwide[19]. With the advan-
tages of higher energy efficiency, lower maintenance requirements, low pollutant
generation, less heat and noise and lower operational cost, electric-power equipment
is the candidate to replace internal combustion engines in the mining industry|[2].

At the same time, the use of renewable energy sources (RES) like solar and wind
has been increasing worldwide due to technological advancements. As a result,
more mining sites are implementing this technology as it has the potential to reduce
operational cost, reduce greenhouse emissions and improve the energy access in case
of remote sites[3]. With this improvements to the mining grid the shift to adoption
of BEV is feasible.
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1.2 State of the Art

The electrical infrastructure of open-pit mines has undergone significant advance-
ments to meet the increasing energy demands of modern mining operations. Tradi-
tionally, these grids have been characterized by a combination of high-voltage sub-
stations, medium-voltage distribution networks, and localized low-voltage systems
powering critical machinery[9)].

Typical load distribution in open-pit mines consists of large industrial consumers
such as electric shovels, drills, and haul trucks, which exhibit high peak power de-
mands and intermittent usage patterns. Conveyor belts and dewatering pumps op-
erate more continuously, contributing to the base load of the system, while auxiliary
systems, including lighting, ventilation, and processing plants, introduce additional
variability[12].

With the integration of battery-electric vehicles (BEVs) and renewable energy sources,
the grid structure is evolving to enhance efficiency, reduce emissions, and improve
overall system reliability. However, these developments also introduce new chal-
lenges, such as grid stability, power quality, and the need for advanced energy storage
solutions[10][11].

This thesis presents a comprehensive overview of current grid architectures in open-
pit mines and the critical challenges they pose, challenges that are being tackled
simultaneously by industry and academia. Particular emphasis is placed on electri-
cally powered drillers, whose rapid-start cycles and induction-motor inrush currents
often precipitate significant voltage sags. The study explores advanced methodolo-
gies for mitigating these drill-related sags and evaluates the drillers’ potential to
provide voltage support to the bus to which they are connected

1.2.1 Grid infrastructure in Open Pit mines

Open-pit mining is one of the most widely used surface mining techniques for ex-
tracting minerals, including coal, iron ore, copper, and gold. It involves the removal
of large amounts of overburden and ore through a stepped excavation, enabling
efficient access to mineral deposits near the surface. When comparing this tech-
nique to underground mining, open-pit mining offers several advantages, such as
lower operational costs, higher production rates, and easier access to larger ore
bodies. However, it also presents environmental and logistical challenges, including
extensive land disruption, high energy consumption, and the need for continuous
infrastructure adaptation as the pit expands[5].

In contrast, underground mining involves complex tunneling systems, ventilation
requirements, and strict safety regulations to support excavation stability. While
underground mines typically require power distribution via underground cables and
transformer stations positioned along haulage levels, open-pit mines rely on a combi-
nation of overhead lines, mobile substations, and flexible power distribution networks
to meet operational demands]6].

The core operations of an open-pit mine include drilling, blasting, loading, hauling,
and mineral processing. Drilling and blasting break the rock into transportable
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fragments, which are then loaded by electric or diesel-powered shovels onto large
haul trucks or conveyors. These transport systems move the material to processing
plants or waste dumps, where additional crushing, grinding, and refining processes
extract valuable minerals|7].

Each of these operations imposes a significant electrical demand, with peak con-
sumption occurring during loading and transportation activities. Electric shovels
and drills, for example, require high peak power levels, often in the range of several
megawatts. Additionally, conveyor belt systems, crushers, and grinding mills oper-
ate continuously, creating a steady base load in the mine’s power system. Auxiliary
loads such as lighting, de-watering pumps, and ventilation systems contribute to the
overall consumption, necessitating a power distribution network capable of handling
dynamic load variations|8].

The electrical grid structure in open-pit mines is designed to accommodate these fluc-
tuating and high-power demands while ensuring operational reliability and safety.
Unlike underground mines, where electrical distribution follows a more rigid and
confined layout, open-pit mines require a flexible and adaptable power system.
The primary power supply often comes from high-voltage grid connections or on-site
power generation, including diesel generators or hybrid energy solutions, voltage is
then stepped down via substations and distributed through medium-voltage (typ-
ically from 6.6 kV to 36 kV) overhead lines and mobile substations strategically
placed around the mining area. This allows power to be relocated as excavation
areas shift, preventing infrastructure bottlenecks and minimizing downtime during
pit expansions[10][12].

The electrical grid design in open-pit mines is primarily dictated by the opera-
tional requirements, load distribution, and the need for flexibility as the mining site
evolves. The three most commonly used power distribution topologies in open-pit
mining are radial, ring (loop), and mesh (networked) systems. Each topology has its
own advantages and limitations, particularly in terms of reliability, scalability, and
fault tolerance. The choice of a specific topology depends on factors such as mine
size, energy demand, safety requirements, and the economic feasibility of infrastruc-
ture deployment[10]. The continuous expansion of open-pit operations requires grid
designs that can be adapted dynamically, ensuring efficient power delivery to heavy
machinery, processing plants, and auxiliary loads while minimizing downtime and
voltage instability[9)].

The radial power distribution system is one of the simplest and most cost-effective
configurations used in open-pit mines. In this topology, power is transmitted from a
central substation and distributed through feeders that extend in a tree-like struc-
ture toward different load centers. Each feeder supplies power to a specific area of
the mine, with no alternative path in case of a failure. This makes radial systems rel-
atively easy to install, operate, and expand as the pit develops. However, their major
drawback is the lack of redundancy. If a fault occurs along a feeder, all downstream
equipment loses power until repairs are made. This can lead to significant produc-
tion losses, particularly in large-scale mining operations where continuous power
availability is critical. Voltage drops are also a common issue in radial systems due
to long feeder lengths and high load variations, requiring the implementation of



1. Introduction

voltage regulators and capacitor banks to maintain power quality [11].

To improve reliability, many open-pit mines adopt the ring (loop) power distribu-
tion system, where feeders form a closed loop connecting multiple substations and
load points. In the event of a fault, power can be rerouted from an alternative
path, reducing downtime and improving overall system resilience. This topology
provides better voltage stability and is particularly advantageous for medium-sized
mines with variable load distributions. Ring networks also facilitate the integration
of renewable energy sources, such as solar and wind power, by allowing distributed
generation units to be interconnected more effectively. However, the increased com-
plexity and higher initial investment cost compared to radial systems can make this
topology less attractive for smaller mining operations. Moreover, protective coor-
dination in ring systems requires advanced relay settings to ensure selective fault
isolation without affecting the entire loop [5].

For large-scale open-pit mines with extensive power demands, the mesh (networked)
power distribution system offers the highest level of reliability and operational flex-
ibility. This topology consists of multiple interconnected feeders and substations,
creating a fully redundant power network. Mesh systems allow for the highest degree
of load balancing, minimizing voltage fluctuations and improving the overall power
factor. They are particularly beneficial in mines where equipment electrification is
a priority, such as those transitioning from diesel-powered haul trucks to battery-
electric vehicles (BEVs). Despite their advantages, mesh grids require sophisticated
grid control and monitoring systems to manage power flow dynamically. The higher
installation and maintenance costs, along with the complexity of protective relay
coordination, make mesh topologies less common in mining operations where cost
constraints are a primary concern. Nevertheless, with advancements in smart grid
technologies and digital substations, mesh systems are becoming more viable for
future mining power networks [12].

1.2.2 Electrical Machines in Open Pit mines

Mining is composed by multiple sub-processes in which the total power demanded
varies due to the type of electrical load use on the sub-process. Mining demands
around 25% of total power having drilling and excavation activities done with electric
drillers and shovels[21]. Drillers and Shovels generally use induction motors, and
depending on the rated power driller machines can be directly connected to the
distribution system[20].

To transport the materials hauling truck or conveyor belts are the available options,
in which the load weight and the path inclination define the power consumption.
The last stage is the mineral processing sub-process is where the material is reduce
in size and separated from waste material using crushing machines, semi-autogenous
grinding (SAG) mills and ball mills[20]. Grinding and crushing accounts about 40%
and 4% of total power consumed in mine respectively[21].

Drillers and shovels exhibit a non-linear, cyclic load profile in which instantaneous
power demand can climb to roughly 1.6 times the average level. For drillers, these
peaks coincide with the induction-motor start-up sequence [20]. Shovels are equally

4
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critical to mining productivity because they maintain the material flow to down-
stream processing. Although their large payloads require substantial power, modern
drive converters allow a portion of that energy to be regenerated during the loading
cycle [22]. Because both machines rely on induction motors that draw large inrush
currents, they cannot be started simultaneously on the same feeder without risking
unacceptable voltage depressions.

Grinding process requires variable speed drives due to the higher starting torque,
where synchronous converters and power electronics are use in this stage. Cyclo-
converters are the interface between the synchronous machine and the control even
though it has low power factor[20].

1.2.3 Challenges currently faced by the mining industry

Traditionally, electrical power systems in the mining industry have been developed
through a progressive expansion approach. These incremental expansions proceed
in tandem with the growth of mining operations: as the open-pit mine widens and
deepens, the electrical network is extended to supply relocated equipment across the
various production processes.

This approach proves to be optimal for constant expansions and load addition de-
rived from the mining activities, however it also constrains some characteristics
directly related to grid performance, robustness and stability.

The first challenge to be considered relates to the concept of grid strength, this con-
cept quantifies a power system’s capacity to maintain stable voltage and frequency
under dynamic conditions, particularly with high penetration of inverter-based re-
sources (IBRs)[13].

This measure is mainly characterized by two concepts:

« Voltage Support Strength: Determined by the short-circuit ratio (SCR)
or weighted short-circuit ratio (WSCR), where (SCR) is defined as it follows
SCR = (short-circuit capacity at bus)/(converter rated power).A higher SCR
indicates stronger voltage stability[16].

o Frequency Support Strength: Measured by system inertia (H, in seconds)
and frequency nadir/rocof (rate of change of frequency).A higher inertia and
lower rocof signify robust frequency stability, meaning the grid will be able
to . Weak grids (low SCR, low inertia) exhibit poor transient response and
increased risk of oscillatory instability.

Open-pit mines are often situated in remote locations with limited access to robust
utility infrastructure, resulting in weak grid connections marked by high source
impedance and low short-circuit capacity. Such conditions introduce a number of
technical challenges:

e High Impedance and Voltage Regulation Issues: Long transmission
lines (line length > 100 km) and inadequate transformer ratings result in
significant voltage drops, especially during peak load conditions. For instance,
the operation of high-power equipment like electric rope shovels (consuming
several MVA) can cause voltage fluctuations that destabilize the grid.
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o Limited Fault Current Capacity: Weak grids have low short-circuit ca-
pacities, making it difficult to clear faults effectively. This can lead to pro-
longed outages, as protective devices may not operate reliably under low fault
currents.

o Integration of Renewable Energy: With the ongoing green transition and
de-carbonization of the mining operations, renewable energy sources (e.g., solar
or wind) are being integrated to the grid, however, the intermittent nature
of renewables, combined with weak grid infrastructure, results in additional
stability challenges[16].

The second challenge considered in the mining industry, correspond to Voltage Sta-
bility with a particular interest in a phenomena called: Voltage Sags. Voltage sags
are defined by IEEE as a reduction in RMS voltage between 10% and 90% for du-
rations from 8 ms to 1 minute [13]. These phenomena are a prevalent power quality
issue in open pit mines due to the disruption in equipment operation and reduction
in productivity. The most common but not exclusively causes of Voltage Sags in
open pit mines are:

o High-Power Motor Startups: Large motors (700 hp for crushers or 15,000
hp for SAG mills) draw significant inrush currents during startup, causing
voltage sags. For example, starting a driller can result in instantaneous voltage
dips that trigger protective relays on shovels, halting operations.

o Long Cable Runs: Mobile equipment like shovels and drillers often use long
trailing cables, which introduce high impedance and amplify voltage sags.

o Faults and Switching FEvents: Ground faults, short circuits, or circuit
breaker operations can induce sags, particularly in weak grids with limited
fault-clearing capacity.

The third challenge presented in this field and project, corresponds to the HAR-
MONIC DISTORTION. Recent development with efficiency goal have introduced
VSC and VFD interface for the majority of the electrical machines used in the mine
processes. These converters offer several benefits—most notably, they reduce the
inrush current drawn by induction machines, enabling smaller cable cross-sections
and reducing thermal and mechanical stress on grid assets such as transformers and
circuit breakers. The trade-off, however, is the injection of harmonic components
into the current waveform. Those harmonics are directly linked to a range of issues,
including:

o Equipment Heating: Harmonics can cause additional heating in motors and
transformers, reducing their lifespan.powerquality.blog

 Resonance Conditions: Certain harmonic frequencies can resonate with
system inductance and capacitance, leading to overvoltages.

o Interference with Communication Systems: Harmonics can interfere
with control and communication signals, leading to wrong operation.

Managing harmonic distortion is crucial to maintain power quality and ensure the
longevity of electrical equipment.

6
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1.3 Aim

The aim of the project is to model, simulate and analyze a solution implemented in
electric drillers to mitigate voltage sags and improve voltage stability in the open-pit
grid. To guide the achievement of the research aim, the following questions will be
addressed:

o What are the effects on the grid due to the use of high-power machinery?

o« What are the available electric machine and drive technologies for drillers
operating in open-pit mines?

o What mitigation strategies exist to improve voltage stability?

« To what extent can these available technologies for electrical drillers provide
voltage support to the grid?

1.4 Scope

The scope of this thesis project is centered on the electrical drillers utilized by the
mining company, specifically exploring their potential to provide voltage support to
the power network they are connected to. The primary objective is to evaluate the
capability of these drillers, when equipped with standard Active Front End (AFE)
configurations, to mitigate voltage sags and contribute to reactive power support.
The focus is on quantifying the reactive power compensation in megavolt-amperes
reactive (MVAr) and assessing the extent to which these machines can stabilize
voltage under varying grid conditions. The proposed system will be modeled and
simulated in Matlab/Simulink. Only voltage sags due to the use of high power
machinery are considered; other power quality problems are beyond the scope of
this thesis.

1.5 Limitations

The scope of this study is limited to the drilling units themselves, focusing exclusively
on their capability to provide voltage support without relying on additional grid-
side equipment or infrastructure upgrades. No external modifications such as the
installation of shunt capacitors, dynamic compensators, or other reactive power
devices are considered. Furthermore, the investigation does not address advanced
AFE control strategies, maintaining a focus on standard configurations to ensure
the research remains within the available time frame. This approach enables a
clear assessment of the baseline support capabilities of the drillers, independent of
external reinforcement measures or sophisticated control schemes.
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Theory

The integration of advanced electrical systems into industrial operations requires
a clear understanding of the principles that govern performance, reliability, and
response to disturbances. In large-scale, energy-intensive settings such as extractive
industries, electrical infrastructures face challenging operating conditions that test
both design and control strategies. Accurate analysis and effective planning require
knowledge of the behavior of the power system, including load-source interactions,
the role of electronic power interfaces, and the response of the system to transient
events.

This thesis builds its methodology on key principles that affect system behavior
in the target application: the mechanisms and impacts of voltage disturbances, the
electrical characteristics of open pit mining distribution networks, and the operation
of voltage source converters for reactive power control and voltage support. These
concepts form the analytical basis for the modeling, simulation, and performance
assessment presented in the following sections.

2.1 Induction motors

The three-phase induction motor, particularly the squirrel-cage, is commonly used
in industrial applications thanks to its simple construction, which is reliable and
robust [28]. It has two components: a stator and a rotor. The stator has windings
that, when connected to the supply system, create a rotating magnetic field that
rotates at a speed given by the following equation:

120

; (2.1)

LE
Where n; is the synchronous speed of the motor in rpm, f is the frequency of the
grid in hertz, and p is the number of poles of the motor. When rotating magnetic
flux cuts the conductors in rotor windings, it induces an electromotive force (EMF)
in the windings [29].

As the rotor windings are short-circuited, currents circulate through the rotor wind-
ings. As a result, this circulating current tries to counteract the induced EMF. The
induced EMF will be countered if the rotating magnetic field and the rotor have the
same speed. If this condition is met, there will be no torque production [30]. That
is why it is always needed that the rotor speed be less than the synchronous speed.
The difference in speed is called the slip and is given by Equation 2.2.

8



2. Theory

(2.2)

where n,. is the rated speed of the motor in rpm.

2.1.1 Motor parameter estimation

In order to analyze the behavior of the induction motor, the simplified equivalent
circuit model is used. Figure 2.1 shows the simplified equivalent circuit of the
induction motor. The use of this circuit allows for some simplifications that will not
introduce significant error.

Figure 2.1: Simplified equivalent circuit of induction motor

The elements displayed in the circuit are:
o V,: Stator voltage
e I : Stator current
e R,: Stator resistance
o X,: Stator leakage reactance
o X,,: Magnetizing reactance
« X,: Referred rotor leakage reactance
o I : Referred rotor current
« R : Referred rotor resistance

Using the rated power and the efficiency of the motor, the input power P, can be
found as follows:
Pout

Ui

The difference between the input power P;, and the output power P,,; are the total
losses in motor:

Pin = (2.3)

-Plosses - Rn - Pout (24)

An assumption is made here based on the typical ranges of source of losses in induc-
tion motors [26], taking the values where the motor present more losses as an edge
case. Losses on stator and rotor will be given as follows:
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PCul ~ 0'4(308568) (25)

PC’u2 ~ 0-25(Plosses) (26)

Once the copper losses on stator and rotor are known, the stator and rotor resistances
are estimated as:

PCul
/ PCuQ
p— 2.
R, = (2.9

Where R, is the rotor resistance referred to the stator. Once both stator and
rotor resistances are found the equivalent resistance can be calculated as per below
equation:

R.;= R, + R, (2.9)

The next step is to find the equivalent reactance, for this purpose the starting current
of the motor I, is used and the equivalent resistance. The equivalent reactance was
found as follows:

Von\
X,y = J (;’t) — R, (2.10)

Where V}, is the phase voltage. Besides this, project the reactance were assumed
to have the same value as in NEMA rating A motors, therefore:

Xeg
2.11
- (211)

X, =X, =

The last parameter to find is the magnetizing reactance. However, since the mag-
netizing current is unknown, another assumption has to be made. The magnetizing
current is about 25-50 % due to the air-gap [29], then the magnetizing current is
considered as:

I, = 0.3] (2.12)

Once the magnetizing current I, is found then the magnetizing reactance is given
by:

v
X,y = IL" (2.13)

The real power transmitted to the air gap FP,, from the stator P; is given by the
difference between the input power and the copper losses as shown in Equation 2.14

P,y = Py, — 3I’R, (2.14)

10



2. Theory

If the losses in the core are neglected, there is no element that consumes power but
the power dissipated in R — r'/s, then the power in the air gap is given by [30]

R (1 —
Py =32l _app, _gpg 1= (2.15)
S S

The power converted into mechanical is the term I ER;@, whereas the term 2R
represents the rotor copper losses per phase. As a result, mechanical power is ob-

tained by

(1 —
Po = 32R, L% (2.16)
S

The electromagnetic torque can be determined in terms of mechanical power and
rotor speed as

(2.17)

2.2 Voltage source converters

Voltage source converters (VSC) are semiconductors based converters with the capa-
bility of self-commutation. VSC can produce its own AC voltage waveform without
the need of the grid. This is achieved thanks to the pulse width modulation tech-
nique, in which the magnitude of the signal reference is compared with a triangular
waveform [32]. The VSC has the capability of control active and reactive power
independently and is able to keep a constant polarity on the DC link [33].

Vector control is the most widely used method used for VSC. In this method the
active and reactive currents from the grid are control independent from each other
using the rotating dq frame [32]. A balanced three-phase system can be described
in space vectors as

B(t) = g(% + eI Fuy(t) + ¢ Fou(t)) (2.18)

The same space vector described in Equation 2.18 can be expressed by real and
complex components as

U(t) = va + jug (2.19)

The transformation can be written also in matrix using the Clarke transform as

1 1
va] 5[l 5 —3 | [va
vg| =3 [0 BBy, (2.20)
Yo 3oz 3]l

Using the Park transform the signals will be transformed into a DC-value whilst in
a steady state. This is achieved by rotating the af reference frame, where 6 is the
phase angle of the grid voltages, also known as the dg-transform [34] given by

11
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Vg + jug = (Ve + vg)e 700 (2.21)

The transformation can be written also in matrix as

Va cos(0(t)) sin(0(t)) 0] [va
vg| = |—sin(0(t)) cos(0(t)) 1| |vg (2.22)
Vo 0 0 1 Vo

2.3 Voltage sags

Voltage sags, as defined by IEEE 1159 and IEC 61000-4-30 standards, are short-
duration reductions in RMS voltage levels, typically lasting between half a cycle
and one minute. These sags are characterized by a decrease in voltage to between
0.1 and 0.9 per unit (p.u.) of the nominal voltage. Identifying a voltage sag involves
monitoring the voltage profile and detecting when the voltage dips below a specified
threshold for a brief period. [36]

The measurement of voltage sags is governed by parameters such as depth, which
indicates how low the voltage drops, and duration, which measures how long the sag
persists. These characteristics are critical for assessing the impact of sags on sensi-
tive equipment and for determining compliance with power quality standards. The
primary causes of voltage sags at the transmission level include faults such as short
circuits, sudden large load changes, and switching operations. At the distribution
level, common causes are motor startups, transformer energization, and faults on

the distribution lines. [37][36]

In the context of open-pit mines, voltage sags can frequently originate from the large
inrush currents associated with starting heavy machinery, such as electric drillers
and conveyors. Additionally, frequent switching operations and the variable nature
of the loads in mining operations contribute to the occurrence of voltage sags in
these environments.[39][40]

2.4 Voltage Support in Power Systems

Voltage support is provided to ensure that voltage levels remain within acceptable
limits under various operating conditions for all buses within the power system.

2.4.1 Voltage Stability and Reactive Power Dynamics

Voltage stability refers to the ability of a power system to maintain acceptable
voltage levels across all buses under both normal and disturbed conditions [15]. It
specifically refers to the system’s capability to deliver and sustain adequate reactive
power (Q) to meet the continuously varying demands of loads while maintain the
voltage profile within desired limits. The incapability of fulfilling the mentioned
behavior is know as Voltage instability and it is typically manifested as a continuous
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and in some cases; slow voltage drop that can eventually result in voltage collapse
[14].

Using the two-port power flow equations, one can describe the active (P) and reactive
(Q) power delivered to a load in a power system.

p_ VSV,,XSincS
o Vil Vi cos8) (2.23)
N X

where

e P, Q: active and reactive power delivered to the load
o Vj,: sending-end voltage

o V,: receiving-end (load) voltage

e 0: load angle

e X: line reactance

By upfront inspection of 2.23, it can be seen that the reactive component (Q) has a
higher order relationship with the voltage of the buses in the power system. There-
fore, when performing a sensitivity analysis it is required to inspect the rate of change
between these 2 magnitudes; this approach presents the following relationship:

d@Q 2V, —V.cosd
av, X

[41] (2.24)

When performing a power flow approach, a matrix approach with the Jacobian can
be used in order to relate this link in the rate of change between Q and V

J = [%5 §’5] = [‘]Pa ‘]PV] [41] (2.25)
3% % Joo  Jov
The submatrix of interest is: 90
Joy = —2 2.26
Qv = 5u (2.26)

det(Jov) # 0

In steady-state voltage stability analysis, the singularity of the reduced Jacobian
submatrix Joy = 2—8 (i.e., det(Jgv) = 0) indicates that the system has reached its
maximum loadability limit, commonly represented by the “nose point” on a P-V
curve.

This point marks a necessary condition for voltage instability in the static frame-
work, as it corresponds to the loss of a unique power flow solution beyond which the

system cannot sustain additional load without a voltage collapse.

However, it is not a sufficient condition, as instability may occur earlier due to
reactive power limits, load dynamics, or control interactions [14][41].

The previous mathematical approach displays the intrinsic relationship between the
reactive power in a power system and the buses of it, one can infer the need for a
proper () management with the objective of ensuring voltage stability within the
system.
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2.4.2 Mechanism to provide Voltage Support

In order to ensure the voltage stability in a power system, there are different strate-
gies and devices that can offer a direct reactive power management flowing in the
systems under different load conditions and contingencies. The devices can be cat-
egorized in 2 sets, static and dynamic.

2.4.2.1 Static Reactive Compensation

Static reactive compensation is a type of compensation provided by passive elements
that provides or absorbs reactive power to or from the grid. Example of static
compensating devices:

e Shunt Capacitor Banks: Connected in parallel, they provide leading re-
active power and are mainly used to raise voltage level and are commonly
deployed locally.

o Shunt Reactors: Connected in parallel, they absorb reactive power from the
grid and their main used is to reduce the voltage level at the particular bus.

2.4.2.2 Dynamic Reactive Compensation

Dynamic reactive compensation is a type of compensation that can adapt and change
to the different loading and power flow conditions that a system is experiencing.
This strategy is able to achieve this by exploiting the controllable capability of some
power electronics like thyristors and IGBTS, devices that can block or allow the flow
of current through them when desired by a controllable triggering signal. The main
known devices of dynamic compensation are:

« Static Var Compensator (SVC): Is a device which combines a Reactor
and Capacitor within a thyristor controllable interface in order to provide or
absorb the required reactive power.

« STATCOM: This device uses a power electronics interface (IGBT) to provide
the needed compensation (absorption or injection), its response its much faster
and reliable in different scenarios.

e Synchronous Condenser: This consist of an electrical generator that oper-
ates without mechanical prime mover and is able to provide or absorb reactive
current depending on the excitation conditions.
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Modelling of Mining Machines and
Distribution Grid

This degree project encompass investigation and proposal for integration of volt-
age support functionalities into electric drillers employing Active Front-End (AFE)
converters within mining industry. This with the sole target to counteract voltage
sags induced by inrush currents during induction motor startups, fault events and
chaging loading conditions.

The methodology uses a systematic approach, beginning with an analysis of ad-
vanced motor control and topological configurations of electrical distribution net-
works in mining operations. Subsequently, detailed Simulink models are developed
and calibrated to emulate the dynamic behavior of the system. These models are
subjected to simulations encompassing a spectrum of loading scenarios and fault
conditions to assess transient and steady-state performance.

The final phase involves the design and implementation of voltage support mecha-
nisms making use of the AFE control strategies and testing of this solution under
varying grid conditions while comparing the results to the ones obtained with the
traditional approach.

3.1 Overview of current industry strategies, re-
search and findings

This section involves a thorough review of current industry practices and technolog-
ical advancements in the control of induction machines and the design and deploy-
ment of electrical grids. The focus is placed on identifying the technical implications,
key operational advantages, and potential challenges associated with these develop-
ments.

The insights gathered from this review serve as the foundation for defining the
electrical network topology of the proposed system. Additionally, they inform the
selection of suitable induction motor configurations for each machine integrated into
the overall power system.

3.1.1 Electric motor and drive system for drilling machines

Drillers and shovels are essential equipment in the mining process, as they supply
the raw material that must be moved and processed to maximize mine production
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and efficiency. Any malfunction or downtime of these machines can significantly
impact the mine’s profitability, making it crucial to ensure their reliable operation.

Drilling rigs generally rely on squirrel-cage induction motors because their rugged
construction and minimal maintenance align well with the abrasive, dust-laden min-
ing environment. For medium-voltage ratings, these motors are typically energized
Direct-On-Line (DOL), i.e., connected straight to the grid without soft-starting. At
start-up, however, an induction motor behaves almost like a short circuit, drawing
inrush currents five to seven times its rated value—most of which is reactive—while
the air-gap flux builds and the rotor accelerates to synchronous speed. This MVAr
surge depresses the local bus voltage, producing voltage sags that can compromise
neighboring equipment and power-quality compliance.

In open-pit mining operations, this issue is particularly critical because shovels,
which are often connected to the same electrical bus as the drillers, are highly sensi-
tive to power quality disturbances when using electrical drives [7]. Drive sensitivity
to voltage sags increases when the rated voltage is close to 90 % of the rated voltage
at the point of common coupling (PCC) [46]. As a result, voltage sags originat-
ing from driller startups can directly disrupt shovel operation, this can lead to a
considerable production loss, specially when mining materials are precious [8].

To address these challenges, several mitigation strategies are available, each with its
own advantages and limitations. The choice of method depends on the specific oper-
ational constraints and requirements of the mine. Table 3.1 provides a comparative
overview of some commonly used solutions.

Table 3.1: Motor and drive systems comparison for Induction motors

Electric motor and drive systems

Motor/Drive | Inrush  Cur- | Power Factor | Harmonics |Advantages /
rent Emission Disadvantages
Direct-on-Line | No  mitigation | Low power fac- |It does not|Simple, cheapest
(DoL) mechanism; tor around 0.8 |produce har-{/ High inrush
motor draws |- 0.85, possible | monics, but | current that
high amount of|steady  state|does not miti- | produces voltage
current compensation |gate them sags
using shunt
capacitor
Induction mo-|Controls thyris-|Same as DOL | Thyristor Reduces in-
tor with Soft|tor firing angle|during normal |switching dis-|rush and sag
Starter to reduce volt-|operation torts current |via  controlled
age and current waveform dur- | voltage ramp
ing start / No harmonic
mitigation; only
used during
starting

Continues on next page
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Electric motor and drive systems (cont.)

Motor/Drive | Inrush  Cur- | Power Factor | Harmonics |Advantages /

rent Emission Disadvantages

Inverter drive | Controls Power fac-|Diode  recti- |Limits starting
system  with | torque/flux tor about |fication  and|current by re-
diode-front- current com-|to 0.95 [48],|valve switch-|ducing voltage
end ponents to cut|possible shunt|ing introduce |mitigating sags
starting current |capacitor com- | harmonics / Need filter-

pensation with frequency |ing to mitigate

factor of 6k £ 1 |harmonics pro-
[47) / high|duced
total harmonic
distortion con-
tent

Inverter drive | FOC con- | It can regulate| PWM control | Controls  volt-
system  with |trol regulates | reactive power|keeps  supply |age/speed;
active-front- | torque/flux and power fac-|current near-|lowers inrush
end currents, mini-|tor at the grid|sinusoidal and |current and mit-
mizing inrush side to support | harmonic con- |igates  voltage
grid voltage tent is about 5|sag / Generates
% [49] high-frequency
harmonics

3.1.2 Electrical grid in open pit mines

This phase of the project concentrates on open-pit-mine electrical networks and
develops a representative benchmark model that will serve as the test platform
for the proposed mitigation strategy. Its primary objective is to deliver a rigorous
characterization of the topology, loading conditions, and operating practices of open-
pit grids currently in service. The scope of this research is the following:

o Medium Voltage (13.8 kV) grid composition.
e Medium Voltage grid topology
o Loads composition and distribution around MV grid.
o Transforming centers distribution around MV grid.
o Reactive compensating mechanisms
Out of the scope of this research is:
o Medium Voltage (33 kV) grid feeder.
o Transmission Level feeder topology.
e Specific induction motors technicalities.
o Deeper control strategies

17



3. Modelling of Mining Machines and Distribution Grid

3.1.2.1 Research targets

The main goal is to provide a characterization of the medium voltage grid typically
built for open pit mines, both in qualitative and quantitative specifications for model
construction.

The specific milestones for this research are

Determine the topology for the 13.8 kV, select either radial or mesh.

Define viable sizes for loads rating based on the existing open pit mines.
Define medium voltage grid power lines, providing length, rating capacity,
design, conductor selection and compensating mechanism if needed.

Define accurate strength rating for grid feeder, provide SCA capacity, X/R
ratio and Isc if possible.

Explore and gather different grid strength ratio currently existing in the world
to have as test scenario.

3.1.2.2 Revised Sources

The information was gathered from several sources, a categorization can is presented
below:

Academic reports on the IEEE database focused on the electrical specifications
of the mine power system for different applications. [22][10][20][22][11]
Mining companies technical reports regarding their mining operation. [4]
Mining companies and components manufacturers white papers presenting
product solutions and case study for their implementations. [12][26]

Power components (Transformers, ASCR cables) manufactures datasheet pre-
senting electrical detailed specifications.

Electrical Standards for grid development IEC 60826

3.1.2.3 Required Grid Information

The relevant parameters obtained from the literature review are presented in the
following table:

Table 3.2: Grid Characterization Parameters

Item | Parameter Description
1 | Topology Are grids mostly developed following a radial or mesh
structure?
2 | Short Circuit Ca-|What are the typical short circuit capacities?

pacity (MVA)

3 | X/R ratio Insight into how inductive the grid is and expectations
about behavior during voltage drops.

4 | # Buses How many buses typically compose the used grid?

5 |Transformer Pa-|Required parameters such as impedance, leakage reac-

rameters tance, and magnetizing reactance.

Continues on next page
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Grid Characterization Parameters (cont.)

Item

Parameter

Description

MYV Line Disposi-
tion and Size

Typical power line capacities, commonly selected cable
sizes, and phase dispositions.

7 | Q Compensators| Typical allocation of capacitors and sizing at different bus-
Allocation  and |bars.
Sizing

8 |Loading Profile| Typical MVA loading per busbar.
Distribution

3.1.2.4 Selected grid characterization parameters

After gathering information and typical data for the stipulated parameters presented
in Table 3.3, the following power systems is built incorporating the information.

Table 3.3: Grid Characterization Parameters

pacity (MVA)

Item | Parameter Description
1 | Topology The power system follows a radial layout: six main buses
linked to the feeder. Pit-located buses are supplied via
intermediate buses and overhead lines.
2 | Short Circuit Ca-|Range for typical operation is 450-250 MVA. Study range:

[400-80] MVA.

3 |X/R Ratio Common values range between 15 and 30.
4 | Number of Buses |Six MV buses are included, consistent with 6-10 bus sys-
tems in similar cases.

5 | Transformer Pa-|Ratings used: 50, 10, and 5 MVA. Parameters obtained
rameters from equipment datasheets.

6 | MV Line Configu- | All lines use the same conductor type and layout to avoid
ration transfer constraints.

7 |Reactive  Com-|Shunt capacitors per bus, sized up to 25% of the active
pensation power demand.

8 | Load Profile Defined using EPIROC equipment ratings and operational

guidelines.

3.2 Power system and Machines models

3.2.1 Electrical Machines modeling

High power induction machines are considered key elements of the open pit mine.
The core activities of production are related to these machines, thanks to their
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efficiency and resilience to harsh conditions. Based on the literature review, the rated
power of the machinery of the grid was defined [35], then commercial induction motor
catalog was used [27] to estimate the motor parameters utilized in the modeling.
Estimation was conducted instead of locked-rotor and no-load test due to the lack
of physical motor to conduct such tests.

The machine parameters were estimated using power losses relations [42] and as-
sumptions to streamline the modeling process. This approach aligns with the scope
of the project, which prioritizes the analysis of voltage stability in the power system
rather than detailed parameter identification of individual components. The name-
plate and catalog data used as the basis for parameter estimation of the induction
motor are presented in: Table 3.4.

Table 3.4: Induction Motor Parameters from catalog [27]

Parameter Driller Shovel Aggregated
Load
Rated power: P, 500 kW 2 MW 3 MW
Rotor speed: n, 1484 rpm 1490 rpm 1491 rpm
Rated voltage: V. 690 V 690 V 13.8 KV
Rated current: I, 504 A 1941 A 169 A
Rated frequency: f. 50 Hz 50 Hz 50 Hz
Pole pairs: p 2 2 2
Efficiency: n 94.3 % 95.8 % 96.8 %
Power Factor: PF 0.88 0.90 0.91
Starting current: [4/1,|6.2 6.3 6.4
Starting torque: T'4/T, {0.9 0.7 0.7
Max. torque: Ty/Th |2.3 2.5 2.7
Inertia: J 23 kgm? 80 kgm? 205 kgm?

The motor parameters of a 500 kW driller machine were estimated using the ap-
proach described in Section 2.1. The estimated parameters can be found in Table 3.5.

Table 3.5: 500 kW Driller Motor estimated parameters

Parameters Values
Stator resistance: R, 0.01 ©
Referred rotor resistance: R, 0.01 ©
Stator leakage reactance: X 0.06

Referred rotor leakage reactance: X, | 0.06

Magnetizing reactance: X,, 2.1 Q
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To validate the estimation of the parameters, the motor is simulated using Simulink
where the parameters are introduced in a motor block and then the technical catalog
values will be contrast against the values obtained with the simulation. In Table 3.6
are shown the results with the respective error.

Table 3.6: Comparison between catalog and simulation values for 500 kW induction

motor
Parameter Technical Catalog |Simulation Deviation
Rated power: P, 500 kW 509.5 kW 1.9 %
Rotor speed: n,. 1484 rpm 1482 rpm 0.13
%

Rated current: I, 504 A 485.33 A 3.7 %
Efficiency: n 94.3 % 95.8 % 1.5 %
Power Factor: PF 0.88 0.87 1.1 %
Starting current: I4/I, 6.2 6.29 14 %
Starting torque: T4 /T, 0.9 0.81 10 %
Nominal torque: Tj/Ty  [3183.1 Nm 3199 Nm 0.5 %
Max. torque: Ty /T 2.3 2.26 1.7 %

Overall, the results of the motor simulation with the estimated parameters based
on the technical catalog present a deviation equal or less than 10 %. The starting
torque having a deviation of 10% is the highest deviation among all parameters,
while the remaining parameters shows a deviation less than 5%. As the results of
the simulation show a high level of accuracy respect the technical catalog, the model
can be reckoned as validated and used in the simulation of the grid model.

The same procedure was used to calculate the motor parameters for induction motors
of 2 MW and 3 MW to be used in the shovel and aggregated loads of the model.
The results were not as accurate as those of the 500 kW induction motor, therefore
another strategy was used. It was decided to use the parameter estimation tool
of the asynchronous machine block in Simulink to obtain the motor parameters.
This decision was motivated by the need to have an accurate voltage and current
measurement, as well as power consumption, in the different buses of the grid. To
be able to use the estimated parameters offered by the tool, the motor configuration
had to be configured as double squirrel cage. In Table 3.7 the estimated parameters
for the induction motors used in shovel and aggregated load models are shown.

21



3. Modelling of Mining Machines and Distribution Grid

Table 3.7: Induction motor estimated parameters for shovel and aggregated loads

Parameter 2 MW motor |3 MW motor
values values

Stator resistance: R, 7.989 e-7 Q) 4.790 e-7 Q
Stator leakage reactance: X 0.0241 Q 0.0129 Q
Referred rotor resistance 1: R, 0.001717 Q 0.0011 ©
Referred rotor leakage reactance 1: X, | 0.0368 0.0331 ©
Referred rotor resistance 2: R, 0.0126 Q2 0.0036 €2
Referred rotor leakage reactance 2: X,, | 0.0241 Q 0.0129 ©
Magnetizing reactance: X, 1.616 2 0.5984 €2

3.2.2 AFE motor drive design

The active front-end drive model used implements sensorless rotor field-oriented con-
trol (FOC) method [43][44][45] to control the induction motor and reactive control in
the rectifier [23]. In FOC method, the torque and flux are controlled independently,
similar to the control of a DC motor. Compared to traditional scalar control meth-
ods, FOC offers significantly improved dynamic performance and transient response.

Due to the lack of a physical motor test data, the motor parameters used in the
model were estimated, which reduces the accuracy of the simulation. As a result,
the original sensorless control approach could not be directly applied. To address
this limitation, an observer block was implemented to estimate the motor’s flux and
speed. Figure 3.1 shows the block diagram of the FOC control for the induction
motor. Estimated flux and speed values are compared with the reference torque
and flux values. The resulting error signals are processed by PI controllers, which
generate the reference currents in the dq frame.

These reference currents are then compared with the measured dq currents, and the
resulting error is again fed into PI controllers to compute the reference dq voltages.
These voltages are transformed back to the three-phase (abc) system through the
inverse Park and Clarke transformations, producing the three-phase voltage refer-
ences [25]. These are used by the PWM controller, which drives the inverter to
control the motor accordingly.

On the other hand, the control system for the rectifier includes inner current control
loops for the d-q axis currents, and an outer voltage control loop that regulates the
DC bus voltage. The measured DC voltage is compared with a reference value, and
the resulting error is processed by a PI controller, which generates the reference 4
current. Since the objective is to transmit only active power, the reference value for
iq is set to zero. This zero reference is compared with the measured i, current, and
the error is again passed through a PI controller to regulate the current accordingly.
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Figure 3.1: Flux oriented control for induction motor

The active front end rectifier control has to inner control loops for currents in d-q
frame and an outer loop to control the DC voltage. The inner loops are configured
to provide maximum active power transfer, which means that the reference for the
g-component of the current is normally set to zero. Figure 3.2 shows the control
block diagram of the AFE. To enable the drive system to provide voltage support
capabilities, the control of the Active Front End (AFE) rectifier was modified. When
this support feature is active, the controller monitors the DC bus voltage, and if it
drops below a predefined threshold, the AFE begins to inject reactive current into
the grid. This injection is synchronized using the phase angle provided by the PLL,
helping to stabilize the system voltage during disturbances.

N =3 spwm > 30
> < vsi

Figure 3.2: AFE control diagram
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To achieve the grid voltage regulation, an outer voltage control loop of the AFE
converter is added. It calculates the error between the bus target voltage and the
measured voltage. This error is passed through a PI controller which provides the
reactive current reference I;. This change will affect the power factor of the AFE
as the I, current is no longer maintained to zero, but will enable the capability to
provide reactive power to the grid. Reactive current can be both injected to and
absorbed from the grid. Figure 3.3 shows the modified AFE control diagram.
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Figure 3.3: AFE control diagram

3.2.3 Description of mining distribution grid

The power system model developed for this study was modified based on the sys-
tem described in [Jeronen et al., 2021] [12]. Rated powers and spatial placement of
the principal loads (drill-rig drives, pumping and shovel units) were refined using
nameplate data and application notes supplied by Epiroc and revised literature, en-
suring that the simulated equipment reflects the manufacturer’s current production
portfolio and current industry practices. [31][4]

The power system is presented in the following single line diagram :
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Figure 3.4: Single Line Diagram for proposed power system
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The power system is supplied by a primary transformer rated at 50 MVA that
energizes two radial, medium-voltage main buses (Bus 4 and Bus 5).
bus feeds a dedicated 13.8 kV secondary bus (Bus 1 and Bus 2, respectively), which,
in turn, is equipped with a step-down transformer bank (13.8 /0.7 kV) for low-

Each main
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voltage distribution to process loads. From both secondary buses, twin parallel 13.8
kV feeders are routed to Bus 3, the electrically most remote node located at the
greatest pit depth.

Due to its long feeder impedance and distance from the stiff source, Bus 3 constitutes
the limiting node for steady-state voltage stability and is the location most prone to
voltage drop and flicker during motor-starting or contingency events; consequently,
it represents the critical bus to focus on for reactive-power support and voltage-
regulation studies within the mine’s internal grid.

Buses 1, 2, and 3 constitute the core electrical infrastructure of the pit, serving as the
primary nodes for all loads and processes within the open-pit mining operation. In
contrast, Buses 4 and 5 are associated with the external surrounding area, providing
a clear differentiation between the internal and peripheral electrical distribution
zones. For modeling purposes, the pit’s operational loads have been represented as
induction machines of specific rated capacities, ensuring a realistic simulation of the
load dynamics.

Furthermore, each of these pit buses (Buses 1, 2, and 3) has been equipped with
reactive power compensation systems, which improve the power factor at the bus.
The reactive compensation had been carefully sized to not exceed 25% of the active
power demand of the bus, thus optimizing voltage stability.

Additional technical specifications and parameters are detailed in Table 3.9, which
provides a comprehensive overview of the reactive support and load characteristics
for each bus.

The corresponding parameters for the transformers, power lines, shunt compensators
used in the proposed model are detailed in the following tables:

Table 3.8: Transformer Specifications

Trf | Rating | Freq | V1 V2 Prim Sec Prim Sec Zero
(MVA)| (Hz) | (kV) | (kV) | Wind | Wind | Leak Leak | Seq
Res Res React | React | Re-
(p.u.) | (pu) | (pou) | (pou) | act
(p-u.)
A 50 50 33 13.8 | 2.7978E-| 4.8926E-| 0.034972 0.034972 0
03 04
B 10 50 13.8 0.7 | 4.3458E-| 1.12E- | 0.03368 | 0.03368 | 0.10104
03 05
C 5 50 13.8 0.7 | 5.5414E-| 1.43E- | 0.033636/ 0.033636 0.10091
03 05
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Table 3.9: Shunt Capacitor Parameters

Shunt Compen- | Configuration Capacitor Rated Reactive
sator Location Size (pF) Power (MVAR)
Bus 1 Y Configuration 4880 0.85
Bus 2 Y Configuration 15 1.8
Bus 3 Delta Configura- 1600 0.85
tion
Bus 4 Y Configuration 384 2.631
Bus 5 Y Configuration 12.5 0.85

Table 3.10: Overhead Line Parameters

Element| Length| Resistance | Inductance| Capacitance| Observationl MATLAB
(km) | (ohms/km) | (mH/km) (nF/km) Model

Overhead 4 0.069555 1.3183 0.0087679 ACSR

Line A Drake 795

Overhead| 2 0.069555 1.3183 0.0087679 | kemil 26 PI Model

Line B Strands

Overhead 1 0.069555 1.3183 0.0087679 L conductor

Line D /phase

Overhead 2 0.069555 1.3183 0.0087679

Line E

Overhead 2 0.069555 1.3183 0.0087679

Line F

Overhead 1 0.069555 1.3183 0.0087679

Line G

Overhead 2 0.069555 1.3183 0.0087679

Line X

Overhead 2 0.069555 1.3183 0.0087679

Line Y

3.3 Simulation

Once the power system model was fully implemented—incorporating all relevant
components such as induction motors, transmission lines, transformers, and asso-
ciated parameters—the simulation was conducted within the MATLAB Simulink
environment, utilizing the Simscape Electrical toolbox. The simulation process be-
gan with a comprehensive verification of all input data to ensure accuracy and

reliability.
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Table Table 3.11 summarizes each step of the simulation and the corresponding
operational states of the system. The dynamic load flow analysis was then exe-
cuted, taking into account the exchanges of active and reactive power, as well as the
resulting voltage profiles and other critical variables.

Table 3.11: Sequence of system events

Second | Action

12 Magnetization of driller 1

17 Driller 1 goes to max load

19 Magnetization of driller 2

23 Driller 2 goes to max load

30 End of simulation

Special attention was given to Bus 2 and Bus 3, identified as the most electrically
distant points to the main grid within the hypothetical open-pit mine scenario.
These buses represent the furthest nodes from the main feeder and the point of
common coupling (PCC), making them the most susceptible to voltage deviations
and, therefore, key focal points in the analysis.

The entire system is first solved in load-flow to confirm that the pre-disturbance
steady state of the loads is within acceptable operating limits and then initialize
the dynamic simulation. All target interest drillers remain de-energised during this
phase to ensure that any subsequent voltage excursions can be attributed exclusively
to their energisation sequence.

Once steady-state conditions are confirmed, each driller motor is energized individ-
ually. During the magnetizing inrush interval, bus voltages are sampled at 1 kHz so
that sag depth, duration and the post-sag steady-state deviation can be extracted
with high temporal fidelity. After the stator flux has stabilized, a torque reference
is imposed to emulate the mechanical drilling load, thereby transitioning the motor
from no-load operation to loaded operation. The procedure is repeated for every
driller, with the cumulative number of motors directly influencing the frequency and
severity of sag events captured in the waveform record.

3.3.1 Test Scenarios Conditions

In the simulation framework, three primary test scenarios were considered to eval-
uate the system’s performance under varying conditions.

3.3.1.1 First Scenario: Baseline with both Electric Drill rigs under DOL

The first scenario represents the baseline, reflecting the common industry practice
where mining companies utilize Direct-On-Line (DOL) starters for their machinery.
This scenario serves as the reference point for comparison. In this baseline scenario,
the simulation was conducted by sweeping through different values of grid strength,
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defined by the short-circuit capacity at the Point of Common Coupling (PCC), to
assess the impact of grid strength on voltage sag characteristics and the overall
system response.

2T %t B
L us Name Pwr Qty
Rt 4 Agg. load L | 9 MW 1
i Cne X Cm., w 5 Agg load R 3 MW 1
RS R I Q 3B Shovel MW | 1
e 3| Drilla 1| 055W | 1
3B Driller 2 0.5 MW 1
1

%’ % % 2 Shovel 2 MW
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Electric Electric Shovel3
Driller 1 Driller 2 2 MW
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Table 3.12: Load allocation and schematic overview. Left: Load distribution
schematic. Right: Equipment allocation per bus.

3.3.1.2 Second Scenario: Both Electric Drill rigs under AFE -Unity PF

The second scenario mirrors the first in terms of the event sequence and grid strength
variations, but with one key modification: the drillers are equipped with Active
Front End (AFE) converters. The integration of AFE technology aims to reduce
the reactive power demand of the motors and thereby minimize their impact on the
grid. This scenario allows for a direct comparison with the DOL configuration to

determine the effectiveness of AFE in mitigating voltage sags and improving voltage
stability.
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Table 3.13: Load allocation and schematic overview. Left:

tion

Electric Driller 5 Electric Driller 3 Electric Driller 4
5 0.5 MW 0.5 MW

Bus Name Pwr Qty
4 Agg. load L 9 MW 1
5 Agg. load R 3 MW 1
3B Shovel 2 MW 1
3B Driller 1 0.5 MW 1
3B Driller 2 0.5 MW 1
2 Shovel 2 MW 1

schematic. Right: Equipment allocation per bus.

Load distribution

3.3.1.3 Third Scenario: One electric drill rig equipped with AFE + Q

Support

The third scenario builds on the second by enabling the compensatory functionality
of one of the AFE-equipped drillers. This scenario explores the potential of the
AFE driller to provide reactive power support, thus compensating for the reactive
power demands of other DOL-connected machines. The objective is to quantify the
extent to which the AFE driller can mitigate voltage sags and improve steady-state
voltage conditions, as well as determine the number of DOL machines that can be

supported under this configuration.
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Bus Name Power | Qty Comp.
4 Agg. load left 9 MW 1 0
5 Agg. load right 3 MW 1 0

3B Shovel 2 MW 1 0

3B Driller 2 0.5 MW 1 0
2 Shovel 2 MW 1 0

3B Driller 1 0.5 MW 1 500 kVAr

Table 3.14: Load allocation and schematic overview. Left: Load distribution
schematic. Right: Equipment allocation with compensation.

For each of these scenarios, the simulations included a systematic variation of the
short-circuit capacity at the PCC to observe how voltage sags evolve and to un-
derstand the mitigation capacity of the theoretical AFE driller under different grid
conditions. A summary table is presented below

Table 3.15: Simulation Test Scenarios and Expected Outcomes

# Scenario |Configuration Simulation Objec- | Key Metrics / Ex-
Overview tives pected Outcomes

1 Baseline Two MV  drill-rig | Benchmark the| ¢ Sag depth and

(DOL) induction motors at|network’s  inherent|duration at Buses 2

Bus 3 started via
Direct-On-Line
(DOL) method;
no supplemental
reactive-power  de-
vices.

immunity to voltage|and 3
sags while sweeping|e GSR threshold
the grid-strength | where IEEE Std 1159

ratio (GSR): limits are breached
GSR = Ssepcc o Baseline MVAr
STx
demand

Continues on next page
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Simulation Test Scenarios and Expected Outcomes (cont.)

(AFE) drives com-
manded to unity
power factor (Q ~ 0).

(ii) reduce the reac-
tive burden, over the
identical GSR sweep

# Scenario |Configuration Simulation Objec- | Key Metrics / Ex-
Overview tives pected Outcomes
2 AFE — | Same topology, | Quantify how AFE| ¢ % sag reduction vs.
Unity PF |but both drillers |drives: Scenario 1
retrofitted with Ac-|(i) attenuate sag| e Net MVAr decrease
tive Front End |depth/duration, and |at PCC

3 AFE + Q
Support

Driller 2 remains with
DOL control mech-
anism; Driller 1 is
equipped with AFE
with dynamic Q-
support (capacitive
MVATr injection).

Evaluate the AFE’s
capability to stabilise
voltage under weak-
grid conditions and
determine the maxi-
mum number of addi-
tional DOL machines

e Sag depth/dura-
tion with Q-support
enabled

e Steady-state V >
0.95p.u.

e DOL-machine sup-
port capacity at each

that can be sup-|GSR step

ported

3.4 Results adquiring and acceptance criteria

In the process of obtaining results, particular attention was directed towards the
voltage profiles at each bus within the system. The evaluation criterion for voltage
levels was set within a tolerance band of +10% around the nominal value of 1.0 per
unit (p.u.), thereby defining an acceptable operating range between 0.9 and 1.1 p.u.
Any voltage measurements falling below this threshold were flagged as significant
and classified as voltage sags in accordance with the IEEE1564 or IEC61000-4-11
standards.

Depending on the depth and duration of these voltage sags, the performance of the
two connection schemes—Direct-On-Line (DOL) and Active Front End (AFE)—was
cataloged and subsequently compared. Additionally, the study focused on the reac-
tive power demand and consumption at each node where the motors were connected.
This allowed for a thorough assessment of the impact and potential benefits of tran-
sitioning from a traditional DOL configuration to an AFE scheme.

Furthermore, measurements included not only the active and reactive power con-
sumption of the drillers and their respective buses, but also the active and reactive
power supplied by the main feeder. his dual focus allowed for a comprehensive as-
sessment of how transitioning from DOL to AFE configurations could optimize both
voltage stability and reactive power management.

The table below summarizes the key variables and parameters monitored during the
analysis:
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Table 3.16: Monitored Variables and Acceptance Criteria

Parameter

Description

Range / Criterion

Voltage (p.u.)

RMS voltage magnitude at each bus, ex-
pressed in per unit.

09<V <11 pau

Voltage-sag depth Maximum deviation of bus voltage below |[IEEE Std 1159-2019
0.9 p.u. during a sag event. limits!

Voltage-sag duration Time interval for which V' < 0.9 p.u. per- |[IEEE Std 1159-2019
sists. classification

Reactive  power de-|Total reactive power absorbed by motors | Monitored (comparison

mand, Q) and local loads at each bus. DOL vs. AFE)

Active power, P Total real power absorbed by motors and | Monitored (comparison
local loads at each bus. DOL vs. AFE)

Feeder supply (P, Q)

Active and reactive power delivered by the
main feeder to the pit network.

Monitored to quantify
overall impact

The following diagram

shows the measured variables taken for this project:

2km
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mmmmmmmmm
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Figure 3.5: SLD with location for measured variables
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Results and Discussion

This Results chapter synthesises the numerical and waveform data obtained from
the MATLAB Simscape Electrical ™ simulations, translating the test plan into
quantitative evidence. It begins by validating that all buses operate within the
range 0.9-1.1 p.u prescribide in IEC60038 [50]. steady-state envelope, after which it
dissects the voltage-sag events recorded at the two electrically weakest nodes—Bus
2 and Bus 3 classifying their depth and duration in accordance with IEEE Std
1159-2019.

The analysis then compares the Direct-On-Line (DOL) and Active Front End (AFE)
drive configurations under both full-load and duty-cycle scenarios, highlighting the
impact of each scheme on bus-voltage recovery and feeder loading as the grid strength
variates due to short circuit capacity reduction. Finally, the chapter integrates
active- and reactive-power trends at the driller terminals to demonstrate how AFE-
based torque control can mitigate the reactive burden imposed by large drill-rig
starts while preserving overall system stability and contributing to this characteris-
tic, providing a differentiated factor from other solutions.

4.1 Driller with DOL as voltage sag source

In Figure 4.1, we illustrate the anticipated dynamic behavior of the system’s key
events. The simulation spans a total of 30 seconds, encompassing the full energiza-
tion sequence of the network and, more specifically, the sequential startup of the
two drillers. Initially, the system operates with the existing Direct-On-Line (DOL)
configuration, serving as the baseline for comparative analysis.

At the 12-second mark, the event sequence begins: the first driller undergoes mag-
netization, followed by the application of torque. Subsequently, the second driller
is energized in a similar manner, culminating in the system reaching a new steady-
state condition. This progression allows us to observe and confirm the occurrence
of voltage sags induced by the inrush currents and load application of each driller.
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Figure 4.1: Voltage Sags originated during electric drill rigs oepration

As anticipated, Bus 3—being the most electrically distant and thus the most vulner-
able—exhibits the most pronounced voltage deviations. Consequently, Bus 3 serves
as the reference point for our comparative analysis, providing a clear benchmark
against which the performance of alternative configurations, such as the Active Front
End (AFE) scheme, will be evaluated. This methodical approach ensures that the
impact of each configuration on system stability and voltage quality is thoroughly
assessed.

4.1.1 Driller with DOI as starting method

As previously discussed, employing Direct-On-Line (DOL) starters as the motor
control strategy induces significant voltage drops during the magnetization phase,
primarily due to the high starting current demand. The severity of this phenomenon
depends on the strength of the electrical grid. Stronger grids exhibit minimal voltage
deviation, as they are better equipped to supply the large reactive power required
during motor startup. On the other side, weaker grids experience more pronounced
voltage depressions, which—under critical conditions—may trigger voltage collapse
phenomena.

To assess the system’s vulnerability under varying grid conditions, a parametric
sweep of the grid strength was conducted. Grid strength was characterized by the
Grid Strength Ratio (GSR), defined as:
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GSR — seree (4.1)
Stx

where Sgc pcc denotes the three-phase short-circuit capacity at the point of common
coupling (PCC), and Stx represents the rated power of the main feeder transformer.
The analysis progressively reduced Sgc pcc from 400 MVA to 80 MVA, correspond-
ing to a GSR range of 8.0 — 1.6. During this sweep, sequential energization of
the two drill rig induction motors using DOL starters introduced two distinct volt-
age disturbance events into the network, allowing a quantitative evaluation of the
severity of sag across the GSR range studied.
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Figure 4.2: BUS 3 voltage profile for several grid strength ratios under DOL
operation

In the continued development of the project, as shown in Figure 4.2 a series of simu-
lation sweeps were conducted to characterize the voltage sag phenomenon expected
during the drilling operation. Specifically, it was observed that each driller, under
the current Direct-On-Line (DOL) connection, induces a voltage sag during its mag-
netization phase and a subsequent reduction in the voltage profile during peak load
conditions due to the increased power demand.

For grid strength ratios (GSR) of 8, 6, and 5, no voltage sags were recorded according
to the IEC61000-4-30 standard metrics [51]. However, each scenario did exhibit a
noticeable depression in voltage relative to the pre-energization steady-state values.
The critical threshold at which voltage sags began to manifest was identified at a
GSR of 3, corresponding to a short-circuit capacity of 150 MVA. From this point
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down to the minimum tested GSR of 1.4, the voltage sags increased in both depth
and duration.

At a GSR of 3, two distinct voltage sags were observed, each followed by a re-
covery once the magnetization phase concluded. However, at a GSR of 2.4, the
post-recovery voltage settled at the lower acceptable limit, and although the sys-
tem maintained stability without oscillations, the steady-state voltage remained at
0.87 p.u., outside the desired regulation range. According to IEEE and IEC stan-
dards, this represents a clear voltage sag, which could potentially be addressed in
conjunction with system protection coordination strategies.

In the most severe scenario, with a GSR of 1.6 (80 MVA short-circuit capacity),
the system failed to maintain stability during the magnetization of the first driller,
resulting in a complete collapse of the voltage profile. This makes the data for GSR
values of 3 and 2.4 particularly significant, as they will serve as the basis for a more
in-depth comparison with the proposed Active Front End (AFE) solution.

Table 4.1: Voltage Sag and Reactive Power Demand — DOL__DOL Scenario

Item |SCC |GSR |Bus |Sag 1 |Dur. 1|Sag 2|Dur. 2|SS Reactive
[MVA] # |[p-u.] [s] [p.u.] [s] Final |Power

Voltage |[in SS

[p-u.] [MVAR]
1 1400 8 3 NO Vsag | NO Vsag | NO Vsag | NO Vsag|0.9501 |0.7343
2 300 6 3 NO Vsag | NO Vsag | NO Vsag | NO Vsag|0.9430 |0.9020
3 (250 5 3 NO Vsag | NO Vsag | NO Vsag | NO Vsag|0.9370 |0.9190
4 1200 4 3 0.894 0.638 0.884 NO Vsag[0.9270 [0.9500
5 [150 3 3 0.867 1.237 0.853 1.6428 |0.9051 |3.0450
6 [140 2.8 3 0.828 2.5684 |0.803 12.9168 |0.8970 |1.0490
7 130 2.6 3 0.845 1.7478 |0.826 3.5960 |0.8870 |1.0870
8 120 2.4 3 0.828 2.5684 | 0.803 12.9168 |0.8720 |7.2840
9 (100 2 3 Unstable | Unstable | Unstable | Unstable | 0.3700 | 2.0810
10 |80 1.6 3 Unstable | Unstable | Unstable | Unstable | 0.3340 1.0170

The data presented in Table 4.1 reveals three clearly defined operating regimes that
are depending on the available short-circuit capacity (SCC) and the resulting grid
strength. When the SCC is at least 250 MVA (Grid Strength > 5), direct-on-line
motor start sequence cause no perceptible voltage sag and the post-start voltage
remains around 0.94-0.95 p.u.; reactive-power demand stays modest at roughly 0.73—
0.92 MVAr, showing that a stiff network can absorb inrush current without affecting
the voltage profile. As the SCC falls into the 200-120 MVA band (Grid 4-2.4),
deep sags start to present in the system: the first dip can reach 0.828 p.u. and
stretch from 0.6 s to more than 2.5 s, while a second dip may linger for up to
13 s. In conclusion, reactive-power demand rises non-linearly, peaking between 3.0
and 7.3 MVAr—evidence that synchronous machines and compensation banks are
straining to hold the voltage up.
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Operationally, these findings mean that simultaneous DOL starts should be limited
to networks with SCC > 250 MVA unless additional countermeasures are in place.
Within the 200-150 MVA range, installing dynamic var support such as an SVC
or STATCOM rated for at least 7 MVAr and fine-tuning protection settings to ride
through sags down to 0.83 p.u. for three seconds is advisable. Its worth mention-
ing this suggestion was not fully explored in this thesis development but vaguely
simulated as a comparison metric.

If grid strength is expected to dip below 150 MVA, migrating to soft-starters (not
explored in this work) or variable-frequency drives that trim inrush to about 350—
400% of full-load current helps avoid slipping into the unstable region. Finally,
at SCC levels of 100 MVA or less, direct-on-line starts should be banned—or the
grid reinforced—because the risk of voltage collapse and nuisance trips becomes
unacceptably high.

4.2 Electric Driller with AFE under Unity PF
control mode

In the scenario where the grid strength ratio is reduced to 2, corresponding to a
short-circuit capacity of 100 MVA, the results, as illustrated in Figure 4.3, indicate
that the bus voltage profile remains below the stipulated standard. However, despite
not reaching the ideal voltage levels, the system maintains a stable voltage without
experiencing a collapse. While this may not be the most optimal operational condi-
tion, it does indicate that the integration of the Active Front End (AFE) technology
successfully extends the operational range of the system.

In comparison to the DOL scenario, where the operational limit was constrained to
a grid strength ratio of around 2.4, the incorporation of the AFE allows for stable
operation even at a ratio of 2. This enhancement indicates a significant improvement
in the system’s robustness and flexibility, enabling it to operate under weaker grid
conditions without compromising stability.

However, at even lower grid strengths, such as a ratio of 1.6, a total voltage collapse
is observed. This collapse is influenced by external demands from other machinery
not utilizing the AFE technology, highlighting the importance of comprehensive
system-wide implementation for optimal performance.
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Figure 4.3: BUS 3 voltage profile for several grid strength ratios

Table 4.2: Steady-State Voltage and Reactive Power Demand Comparison for both
drillers using DOL starting mechanism and both drillers using AFE

Item | SCC Grid DOL_DOL AFE__AFE
[MVA] | Strength | V [p.u.] | Q [MVAr] | V [p.u.] | Q [MVAr]
1 150 3.0 0.9051 3.0450 0.9180 0.5260
2 140 2.8 0.8970 1.0490 0.9120 0.5377
3 130 2.6 0.8870 1.0870 0.9038 0.5550
4 120 24 0.8720 7.2840 0.8922 0.5716
) 100 2.0 0.3700 2.0810 0.8410 0.6650
6 80 1.6 0.3340 1.0170 0.3390 1.5500

When comparing the performance of the DOL and AFE configurations under weaker
grid conditions, it becomes evident that the integration of the Active Front End
significantly enhances system stability and performance. In scenarios where the grid
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strength ratio decreases, the AFE configuration demonstrates a clear advantage by
preventing voltage sags that would otherwise be present in the DOL setup.

Notably, as the short-circuit capacity decreases, the AFE configuration maintains a
more consistent and stable voltage profile. While the DOL system starts to show
significant voltage instability at a grid strength ratio of 3 (150 MVA), the AFE
system only begins to face challenges at a ratio of 2.4 (120 MVA), thereby extending
the operational threshold and ensuring more robust performance.

In terms of reactive power demand, the AFE configuration keeps this demand rel-
atively stable, with variations in the kilovolt-ampere reactive range, as opposed to
the megavolt-ampere reactive variations seen in the DOL configuration. Ultimately,
even if a voltage collapse occurs at extremely low grid strengths (such as a ratio of
1.6 or 80 MVA), this collapse is attributed to external factors beyond the control of
the AFE-equipped drillers.

In conclusion, the implementation of AFE technology allows for extended and sta-
ble operation under weaker grid conditions, making it possible for the equipment
to adapt to less ideal networks without causing additional stress on the existing
infrastructure.

4.3 AFE Driller with compensation capability

The advantages of using the AFE drive as the connection method compared to clas-
sical DOL were demonstrated in a previous section. Although the voltage profile
is improved because the reactive power demand at machine start is reduced, im-
plementing AFE drives in all drilling units is very expensive. As a result, another
scenario was evaluated, in which a drilling unit using the AFE method of connection
was modified to include reactive power compensation capability. This modification
in the control of the AFE rectifier is shown in Figure 3.3. The machines involved in
the scenario are highlighted in Figure 4.4.

40



4. Results and Discussion

B

Main Transformer
50 MVA
33/13 8 %

Grid equivalent
scc [400 80] MVA

X/R = 30

Overhead Line B Overhead Line A
2 km 4 km

13.8 kV 13.8 kV

Busbar
13.8 kV.

Busbar i

13.8 kV.

Overhead Line E

2 km
13.8 kv

cB
Overheod Line D
13 v
Overhead
Busbar )
13.8 kV Line © U

Tk
13.8 kv
: Shove\ 1 Shove\ z
MW
. - st
MYALY Tronsfomer 2 km 2 km A Rt
138/ oee W " MUY Tronsformer
cB

Il

10 M
13.8 / 0.69 kV

vy v

Electric Driller 5 Electric Driller 3 Electric Driler 4
1.5 MW 0.5 MW 0.5 MW

=

Compensation
Q.75 MVAR

Agregated Load Agregated Load
9 MW 3 MW

Busbar
13.8 kv

MV/LV Transformer
5 MVA

3.8 / 0.69 kV

=
St
A
Electric Electric Shove\}
Driller 1 Driller 2
Q.5 MW

Figure 4.4: Single line diagram of test grid with machines used in scenario 3

Aggregated loads at buses 4 and 5, the ball mill at bus 1, and shovels at buses 2
and 3 utilize fixed compensation through capacitor banks. In contrast, drilling unit
1 employs the reactive compensation capability of the AFE rectifier, while drilling
unit 2 operates without compensation. Table 77 presents the characteristics of these
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4.3.1 Minimum Grid Strength

An analysis of grid strength variations, similar to that done in Scenario 1, was
performed for Scenario 3. The parametric sweep started at 5 and ended at 2.4.
The grid strength was decreased by 1 until it reaches a value of 3. Then, from
grid strength 3, it was decreased in smaller intervals of 0.2. This was done with
the objective of finding the critical grid strength threshold at which the system
maintains operation within acceptable limits. The results are displayed in Figure
4.5.

0.96 =

0.94

0.92 -

0.78 \ \ T T \ \
1 3 5 7 9 1" 13
Time (seconds)

Figure 4.5: Bus 3 voltage profile for several grid strength ratios in scenario 3
conditions

As expected, when the short circuit ratio of the grid is reduced, the system is more
sensitive to disturbances and requires more time to recover from them. This behavior
is clearly demonstrated in the two boundary condition plots. At a grid strength of
5.0, the magnetization transient of drilling unit 2 has minimal impact on the voltage
profile at bus 3, with voltage levels remaining within acceptable operational limits.
In contrast, when the grid strength is reduced to 2.4, the magnetization of the same
unit generates a voltage sag of approximately 10% below previous voltage level, with
a duration of nearly 3 seconds.

When comparing the results between scenario 1 and scenario 3, it is clear that
the impact of the reactive compensation given by the driller unit with AFE drive
modified is positive. In Table 4.3 are shown results for three different grid strengths.
As the short circuit capacity is decreased in the system, the sag duration is reduced
when AFE drive is used in the drilling unit. As a result, the grid can recover from the
start-up of the induction motor faster, preventing the triggering of protective devices.
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Additionally, the voltage profile presents consistently higher value in scenario 3
compared to scenario 1. This can reduce the fixed reactive compensation that the
grid would be needed, as it allows simultaneous operation of driller units that later
can move to a different area in the pit.

Table 4.3: Comparison of Voltage sag at bus 3 between Scenarios 1 and 3

. Scenario 1 Scenario 3
Grid Strength - -
Sag Duration Sag Duration
3 0.853 pu 1.62 s 0.857 pu 1.5s
2.8 0.0.842 pu 2s 0.845 pu 1.71 s
2.6 0.826 pu 4s 0.830 pu 2s

Results for different grid strength are displayed on Table 4.4. As discussed in previ-
ous section, the last stable configuration for the grid when drilling units implement
DOL method of connection is 2.8. The improvement in voltage level in scenario 3
respect scenario 1 is about 1.5 %. When driller units implement the AFE drive as
method of connection, the grid strength can be decreased more and the voltage pro-
file in steady state remain within acceptable limits. When comparing scenario 2 and
scenario 3, the difference in voltage profile in steady state are minimal. However, in
scenario 3 only one drilling unit implements AFE drive modified. As a result, the
reactive power compensation capability allow to operate a drilling unit with classical
method of connection, having the same voltage profiles in steady state as in scenario
2.

Table 4.4: Comparison of steady state voltage at bus 3

Grid Strength Steady state voltage profile

Scenario 1 | Scenario 2 | Scenario 3
3 0.905 pu 0.917 pu 0.919 pu
2.8 0.897 pu 0.911 pu 0.912 pu
2.6 0.8868 pu 0.9025 pu 0.9020 pu

Upon analysis, the active power drawn from the grid by the AFE converter is di-
rectly transferred to the motor, as illustrated in Figure 4.6. This characteristic
results from the power factor correction implemented within the converter control
system. This functionality improves motor efficiency and reduces system losses. Ad-
ditionally, when the power factor approaches unity, the reactive power consumption
is minimized, and hence the voltage profile at the bus presents better levels than
compared with Scenario 1.
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Figure 4.6: Active power consumed by the motor vs AFE drive

On the other hand, when the focus is on reactive power, Figure 4.7 presents the
consumption of AFE converter and motor. When induction motor is magnetized at
second 1, the reactive power required is provided by the AFE converter. At second
3, the reactive compensation is enabled, and it starts to inject reactive current to the
grid. This is due the threshold to activate the compensation was triggered. From
second 3 to 5, the AFE converter continues providing reactive support. At second
5, the second drilling unit started magnetization, causing the reactive compensation
to increased. Finally, driller unit 1 went to full load operation just before second
7. As a result, there is a peak in the reactive power consumed by the motor and
simultaneously, the reactive compensation is increased to mitigate this rose in the
reactive power consumption at the bus.

Throughout the simulation period, the reactive power consumed by the motor was
supplied by the AFE drive. Moreover, once the AFE drive starts to provide reactive
power compensation to the bus, when the driller starts operation with a full load,
the compensation was increased to cover the reactive power consumed by the motor.
As the reactive power consumed by all the driller units is partially supplied by the
AFE converter, this allows the bus voltage to maintain a profile above 0.9 per unit.
As a result, the voltage profile is similar to Scenario 2 with the difference that only
one driller unit is equipped with an AFE drive.
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Figure 4.7: Reactive power consumed by the motor vs AFE drive

4.3.2 Maximum operational driller units

Once the minimum grid strength in which the mine grid has stable operation was
found, the next question to solve was the maximum number of drilling units that the
mine grid can operate without compromising stability while utilizing the reactive
compensation capability of the AFE drive. It was found that three drilling units can
be operated under a grid strength of 2.8. In Figure 4.8 is shown the voltage profile
of bus 3 when the short circuit capacity is 140 MV A. The voltage level is similar
to the voltage level when 2 driller operate at full load condition under grid strength
of 2.6.
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Figure 4.8: Bus 3 voltage profile with 3 drilling units operating

The analysis revealed that reactive compensation alone is insufficient to enable the
operation of a third drilling unit under a grid strength of 2.6. However, when the
grid strength is increased to 2.8, a third drilling unit can operate successfully while
maintaining voltage profiles within acceptable limits. This represents a 50% increase
in drilling production capacity compared to Scenario 1 and Scenario 2.

From this analysis, it is clear that the reactive power compensation provided by
the AFE converter significantly enhances the voltage stability of the electrical grid.
This compensation capability enables the operation of drilling units utilizing DOL
connection methods under weaker grid conditions that would otherwise be unsuit-
able. Furthermore, the system effectively reduces both the magnitude and duration
of voltage sags when additional drilling units cause transients due to magnetization.
The steady-state voltage profiles achieved through this compensation approach are
comparable to those observed in Scenario 2, where both drilling units are equipped
with AFE converters, demonstrating equivalent performance benefits at reduced
implementation costs.

4.4 Discussion
In Figure 4.9 two disturbance windows (~2-4 s and ~ 9-12 s, dashed magenta boxes)
are highlighted and the contrast between DOL and AFE is unambiguous. Under

DOL, the traces are ’stacked’ by grid strength: As the GSR decreases from 3.0 to
2.0, the first event deepens from a mild dip to roughly 0.73 p.u. and the second
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event becomes markedly worse. At GSR = 2.0 the second event triggers a dynamic
collapse: the bus voltage plunges below 0.40 p.u. and does not recover, consistent
with the unstable regime identified in the table. This monotonic ordering with GSR
is typical of inrush-driven sags in weak systems: a higher Thevenin impedance yields
larger voltage drops and longer settling.
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Figure 4.9: BUS 3 voltage profile for several grid strength ratios

In contrast, the AFE curves remain tightly clustered across all GSR values, with the
bus voltage held around 0.90-0.93 p.u. during both events and returning smoothly
to its pre-disturbance level. The absence of progressive deepening from the first to
the second event indicates that the AFE effectively decouples the motor starting
current from the upstream grid, limiting transient reactive demand and preventing
compounding sags. The only visible defect is a small steady-state ripple once the
events end; this can be attributed to the inner-loop controller tuning. Its ampli-
tude is minor, well within typical steady-state voltage-quality range, and does not
threaten operational margins.

Taken together, the figure shows that AFE control extends the stable operating
envelope by at least one full GSR step relative to DOL (i.e., what collapses under
DOL at GSR =~ 2 remains stable with AFE). Even operated at unity power factor,
the AFE removes the second-event comparing to DOL and maintains acceptable
voltages levels. This directly supports the earlier quantitative findings: DOL be-
comes increasingly sensitive to grid weakness and multi-event sequences, whereas
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AFE keeps the bus voltage largely insensitive to upstream short-circuit capacity
over the tested range.
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Figure 4.10: Sags deepness comparisson betwen DOL and AFE

Across the evaluated short-circuit ratio (SCR) band of 3 SCR 2, the conventional
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Direct-On-Line (DOL) starting method exhibits a continuous deterioration in voltage-
sag severity. Successive disturbance events compound this effect: during Event

2—initiated on an already weakened grid, the retained voltage reaches a markedly

lower minimum than in Event 1, confirming that DOL-driven motors impose pro-

gressively deeper sags as grid impedance rises.

By contrast, drillers equipped with an Active Front End (AFE) converter main-
tain a substantially flatter voltage profile over the same SCR range. Both events
demonstrate that the AFE mitigates inrush currents and regulates reactive power
exchange, thereby suppressing the development of significant voltage sags. Even
under the compounded loading of Event 2, the bus voltage remains within a stable,
non-collapsing voltage, enabling parallel operation with other large drives without
imposing severe disturbances to the system stability.

Consequently, the AFE topology extends the permissible operating boundary of
the installation from the DOL limit of approximately SCR ~ 2.4 down to SCR
~ 2.0 while preserving voltage stability. This improvement not only reduces the
risk of under-voltage trips and ancillary equipment maloperation but also provides
additional headroom for future load integration on the same electrical infrastructure,
converting the AFE implementation into a strategic enhancement rather than a mere
control-scheme substitution.

4.5 Ethics

Throughout this project, particular attention has been given to ensuring trans-
parency and honesty in how the study was conducted and how its results are pre-
sented. Since detailed manufacturer data for the electric machines were not avail-
able, the motor parameters used in the simulations were derived from theoretical
estimations and representative values found in the literature. This approach allowed
the work to move forward without compromising the quality of the analysis, while
being clear that the numerical results reflect realistic trends rather than the exact
behavior of a specific industrial machine.

It is ethically important to recognize the limitations that come with this choice.
Without experimental validation, certain aspects of the model; especially those re-
lated to transient behavior and losses; remain uncertain. A complete character-
ization of the actual motors, including locked-rotor and no-load tests, would be
necessary in future work to obtain precise equivalent circuit parameters. Such tests
would strengthen the reliability of the findings and help bridge the gap between
theoretical modeling and real operational performance.

Finally, the ethical responsibility of this work extends to communicating its purpose
clearly. The models, results, and conclusions are not intended to serve as defini-
tive design recommendations, but as a contribution to the broader understanding
of grid-connected electric machinery and voltage stability in open-pit mining net-
works. Acknowledging assumptions, uncertainties, and future needs ensures that the
research remains credible, transparent, and aligned with good engineering practice.
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Artificial intelligence tools were employed exclusively to assist in text validation,
translation, LaTeX formatting, and numerical result analysis. The entirety of the
technical content, methodology, and interpretations presented in this thesis are fully
original and developed by the student authors.

4.6 Sustainability

This project has been developed with a clear awareness of its potential contribution
to a more sustainable mining industry. Open-pit mines are traditionally associated
with high energy consumption and significant greenhouse gas emissions, largely due
to the reliance on diesel-powered equipment. By exploring the integration of elec-
trically driven blasthole drillers and Active Front-End (AFE) converters, this work
supports the broader transition toward cleaner and more efficient mining operations.
Electrification not only reduces direct emissions but also opens the door to using
renewable energy sources within the mine’s electrical network.

Beyond its environmental implications, sustainability in this context also involves
improving the efficiency and reliability of electrical systems. The proposed converter-
based configurations and control strategies aim to reduce voltage disturbances, op-
timize power quality, and minimize reactive power demand. These improvements,
although technical in nature, have tangible long-term benefits: they can lower opera-
tional energy losses, reduce wear on equipment, and extend the lifespan of electrical
assets. Over time, these factors contribute to both economic and environmental
sustainability by promoting more responsible use of energy and infrastructure.

While the scope of this thesis is primarily analytical and simulation-based, its out-
comes provide valuable insights for designing the next generation of sustainable
mining systems. The results highlight that technological innovation and environ-
mental responsibility can go hand in hand when efficiency, stability, and emission
reduction are treated as interconnected goals. In that sense, this research not only
addresses an engineering challenge but also contributes to the collective effort of
decarbonizing one of the world’s most energy-intensive industries.
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Conclusions and Future Work

5.1 Conclusions

This thesis presented a comprehensive evaluation of the connection between two
strategies for high-power drilling units in open-pit mining with a particular focus
on voltage stability and voltage sag mitigation. A detailed grid model was devel-
oped to replicate typical mining load characteristics and parametric sweeps across
short-circuit ratios (2.4-5.0) were performed to identify the most critical scenarios
where the machines could theoretically operate without risking stability problems.
Three alternatives were studied: conventional Direct-On-Line (DOL) connection,
full Active Front End (AFE) drive deployment, and a hybrid configuration based on
selective AFE implementation with reactive power compensation.

The analysis confirmed that AFE technology provides the strongest technical perfor-
mance under weak-grid conditions. It improves steady-state voltage profiles, reduces
grid stress, and enhances motor dynamics. However, full deployment across all units
is limited by cost and complexity. To address this, the study developed and tested
a modified control strategy for AFE rectifiers that enables them to deliver reac-
tive power support. This hybrid solution demonstrated the ability to achieve near-
equivalent performance to full AFE deployment, while requiring a lower investment.

The principal findings and conclusions are detailed below:

o Performance of AFE drives

— Superior steady-state voltage support under weak-grid conditions com-
pared to Direct on Line.

— Capability to inject reactive current, improving power factor and reducing
grid losses and strict dependancy on the SCR of the PCC to satisfy the
needs of the mine power system.

— Flux-oriented control enhanced low-speed torque, enabling smoother ac-
celeration.

— Reduction of torque oscillations, lowering mechanical stress during start-
up.

e Hybrid approach with reactive compensation

— Enabled stable operation under minimum SCR of 2.6, where DOL was
no longer feasible.

— Maintained bus voltage levels above 0.9 p.u. even under critical grid
strengths.
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— Limited by converter maximum current capacity, but still provided sub-
stantial reactive support.
— Voltage sag depth and duration were reduced, with weak grids showing
steady-state voltages up to 1.5% higher than Direct on Line.
o Impact on production capacity
— Reactive compensation allowed up to 50% increase in drilling production
under specific weak-grid scenarios.
— Reduced downtime associated with deep and long voltage sags.
— Provided more stable operation during sequential starts of large mining
equipment.
— As voltage sag duration as deepness was reduced, chances to experience
under voltage protection triggering are mitigated.
« Economic and operational considerations
— Full AFE deployment provides maximum benefits but requires high cap-
ital investment.
— Hybrid AFE deployment achieves comparable voltage stability improve-
ments at lower cost.
— Selective approach shortens return-on-investment time by avoiding full
fleet conversion.
— Hybrid configuration allows a modular solution "plugéfplay” approach for
using electric drillers in weak grid scenarios.
e Overall system impact
— Voltage disturbances caused by drilling unit magnetization can be effec-
tively mitigated through AFE-based compensation.
— The hybrid control modification reproduces steady-state profiles similar
to full AFE while reducing system costs.
— Strategic AFE deployment strengthens weak mining grids, increases pro-
duction capacity, and improves long-term system reliability.

In conclusion, the results establish that selective AFE implementation with reactive
compensation represents a technically sound and economically viable solution for
mining operations. The approach balances cost and performance, demonstrating
that hybrid AFE deployment can provide stable voltage profiles, enhance produc-
tion, and ensure robust operation under challenging grid conditions.

5.2 Future Work

After developing this thesis project, the following future work areas were identified.

Advanced control strategies for the AFE should be investigated beyond the present
grid-following unity-power-factor mode. A first step is to implement a grid-forming
option, removing the PLL and adding voltage/frequency droop—to test whether
the stable operating condition can be extended in very weak grids (GSR < 2).
In grid-following mode, an adaptive Volt/Var hierarchy is recommended: an outer
bus-voltage regulator that generates i; with explicit current limits, anti-windup, and
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rate limiters, and inner current loops tuned for adequate phase-margin under wide
impedance variation.

At the mine-system level, coordinated Volt/Var control across multiple assets (elec-
tric rig drillers) should be developed to avoid over-compensation. A practical archi-
tecture is a leader—follower scheme where one AFE (or an existing STATCOM/SVC)
sets a bus-voltage reference and secondary devices share reactive current via droop
characteristics. Also start-up sequencing of drillers and shovels should be optimized
to minimize overlap of inrush events while respecting production constraints, com-
paring scheduled versus free operation. An optimization study for the number,
rating, and placement of AFEs can be explored in order to meet voltage KPIs with
minimum CAPEX.

Finally, integration with energy storage and on-site renewables should be explored
to complement reactive support. A DC-coupled BESS sharing the AFE DC link can
inject active power during transients to arrest voltage decay, while the AFE provides
fast @; their coordination can be implemented with a a controller using MPC that
allocates P and () based on predicted events and state-of-charge. This line of study
can help quantify the incremental benefit of P + @) support versus Q-only in terms
of sag depth reduction, recovery time, and avoided trips.
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