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Abstract

The decarbonization of isolated mining operations has accelerated the adop-
tion of large-scale photovoltaic (PV) generation as a sustainable alternative to
diesel-based electricity production. However, high PV penetration in isolated
microgrids introduces significant technical challenges, including reduced sys-
tem inertia, voltage and frequency instability, protection coordination, fault-
current variation, and power quality degradation. This study presents a com-
prehensive technical assessment of integrating a 15 MW photovoltaic power
plant into the isolated electrical network of the Société Miniére de Dinguiraye
(SMD) gold mine in Guinea using ETAP Version 22.5. A high-fidelity digital
model of the mining power system was developed, incorporating diesel gen-
erators, medium-voltage distribution networks, transformers, industrial loads,
photovoltaic generation, advanced inverter controls, protection systems, and
an optional Battery Energy Storage System (BESS). Five representative oper-
ating scenarios were investigated through load-flow, transient stability, short-
circuit, protection coordination, harmonic, and renewable intermittency anal-
yses to evaluate the operational performance of the proposed hybrid diesel-
PV microgrid. Simulation results demonstrate that the integration of the 15
MW PV plant substantially reduces diesel generation while maintaining ac-
ceptable voltage regulation, frequency stability, rotor-angle stability, protec-
tion selectivity, and harmonic distortion within the limits specified by IEEE
519. The implementation of advanced inverter control functions and BESS-
based fast frequency response further enhances voltage support, improves fre-
quency recovery following disturbances, mitigates renewable intermittency,
and increases the overall resilience of the isolated microgrid. The study con-
firms that large-scale photovoltaic integration can be achieved without com-
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promising system reliability, operational security, or power quality when sup-
ported by appropriate control strategies and protection coordination. The
proposed ETAP-based assessment framework provides a practical and repro-
ducible engineering methodology for the planning, design, and implementa-
tion of renewable-powered isolated mining microgrids, contributing to the de-
carbonization and sustainable electrification of remote mining operations.

Keywords

Photovoltaic Integration, Isolated Mining Microgrid, ETAP, Dynamic
Stability, Protection Coordination, Power Quality, Battery Energy Storage
System (BESS), Renewable Energy, Mining Electrification

1. Introduction

The global mining industry is undergoing a profound energy transition driven by
the need to reduce greenhouse gas emissions, improve energy security, and achieve
long-term operational sustainability. Many remote mining operations continue to
rely on isolated diesel-powered microgrids, where fuel transportation, high oper-
ating costs, and carbon emissions represent significant economic and environ-
mental challenges. Consequently, the integration of renewable energy technolo-
gies, particularly large-scale photovoltaic (PV) systems, has emerged as an attrac-
tive solution for reducing diesel dependency while supporting corporate decar-
bonization strategies and Environmental, Social, and Governance (ESG) objec-
tives [1] [2].

Among the available renewable technologies, utility-scale photovoltaic genera-
tion is particularly well suited to mining applications because of its declining in-
stallation costs, modular architecture, low maintenance requirements, and high
solar resource availability in many mining regions. However, integrating inverter-
based PV generation into isolated industrial power systems introduces several tech-
nical challenges. Unlike conventional synchronous generators, photovoltaic sys-
tems contribute little rotational inertia and provide limited fault current, thereby
affecting voltage regulation, frequency stability, transient performance, protection
coordination, and power quality. These challenges become increasingly significant
in mining microgrids supplying large induction motors, variable-speed drives
(VSDs), crushers, pumps, ventilation systems, conveyors, and other highly dy-
namic industrial loads. Maintaining reliable operation under high renewable pen-
etration therefore requires coordinated control of inverter-based resources, opti-
mized protection schemes, and, where appropriate, Battery Energy Storage Sys-
tems [3] [4].

Although renewable energy integration has been extensively investigated over
the past decade, most published studies focus on utility distribution networks, ge-
neric islanded microgrids, or simplified academic test systems. Existing research

frequently examines individual technical aspects such as voltage regulation, fre-
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quency stability, economic optimisation, or harmonic mitigation without sim-
ultaneously evaluating the complex interactions among power flow, transient sta-
bility, protection coordination, short-circuit performance, and power quality in a
real industrial mining environment. Furthermore, comprehensive engineering
studies involving large-scale photovoltaic integration (15 MW or greater) within
isolated African mining microgrids remain scarce, limiting the availability of
practical design guidance for mining operators and power system engineers [5]
[6].

To address this gap, this paper presents a comprehensive technical assessment
of integrating a 15 MW photovoltaic power plant into the isolated electrical net-
work of the Société Miniére de Dinguiraye (SMD) gold mine in Guinea. A high-
fidelity digital model of the existing diesel-powered microgrid was developed us-
ing ETAP Version 22.5 to represent the complete electrical infrastructure, includ-
ing diesel generators, transformers, medium-voltage distribution networks, in-
dustrial loads, protection systems, photovoltaic generation, and an optional Bat-
tery Energy Storage System (BESS). Comprehensive simulation studies were sub-
sequently performed to evaluate load-flow performance, transient stability, fre-
quency response, short-circuit behavior, protection coordination, harmonic dis-
tortion, and renewable intermittency under representative operating conditions
(7] [8].

The principal contribution of this research is the development of an integrated
ETAP-based assessment framework for evaluating large-scale renewable energy
integration in isolated mining power systems. Unlike previous studies that focus
on individual performance criteria, the proposed methodology simultaneously in-
vestigates steady-state operation, dynamic behaviour, protection performance,
and power quality within a single validated industrial simulation model. The study
demonstrates that high photovoltaic penetration can substantially reduce diesel
generation while maintaining electrical stability, operational reliability, protection
selectivity, and compliance with internationally recognized engineering standards
through the application of advanced inverter control strategies and BESS support
[9] [10].

The findings provide both scientific and practical contributions by offering a
reproducible engineering methodology for the planning, design, optimisation,
and implementation of renewable-powered mining microgrids. The proposed
framework serves as a valuable reference for mining companies, utilities, consult-
ants, and researchers involved in the electrification and decarbonization of iso-
lated industrial power systems, particularly in Africa and other remote regions

pursuing high renewable energy penetration [11] [12].

2. Literature Review
2.1. Renewable Energy Integration in Isolated Mining Microgrids

The mining sector is increasingly adopting renewable energy technologies to re-

duce diesel dependency, operating costs, greenhouse gas emissions, and improve
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long-term energy sustainability. Among the available renewable sources, large-
scale photovoltaic (PV) systems have emerged as the preferred solution for iso-
lated mining operations because of declining installation costs, high conversion
efficiency, low maintenance requirements, and abundant solar resources. Hybrid
diesel-PV microgrids have demonstrated significant reductions in fuel consump-
tion while enhancing environmental performance and supporting corporate de-
carbonization and ESG objectives [13] [14].

Despite these benefits, integrating inverter-based PV generation into isolated
mining power systems presents considerable technical challenges. Unlike conven-
tional synchronous generators, photovoltaic systems provide limited rotational
inertia and fault current contribution, fundamentally altering power system dy-
namics. High PV penetration can therefore affect voltage regulation, frequency
stability, transient performance, protection coordination, and power quality, par-
ticularly in mining networks characterized by large motor loads, variable-speed
drives, and rapidly changing industrial demand [14].

Consequently, advanced inverter control strategies, adaptive protection schemes,
and Battery Energy Storage Systems (BESS) have become essential for maintaining
reliable and secure operation. ETAP has emerged as one of the most widely adopted
simulation platforms for evaluating these challenges through integrated load-flow,
transient stability, short-circuit, harmonic, and protection coordination analyses
[15].

2.2. Research Gap and Contribution

Although substantial research has been conducted on renewable energy integra-
tion, most published studies focus on utility distribution systems, generic mi-
crogrids, or simplified academic models. Existing investigations typically examine
isolated technical aspects such as voltage regulation, frequency stability, economic
optimization, or harmonic performance without simultaneously assessing the
complex interactions between power flow, dynamic stability, protection coordi-
nation, fault performance, and power quality in real industrial environments. Fur-
thermore, comprehensive studies involving large-scale photovoltaic integration
(=15 MW) in isolated African mining microgrids remain scarce [15] [16].

To address these limitations, this research develops a high-fidelity ETAP-based
assessment framework for the isolated electrical network of the Société Miniére de
Dinguiraye (SMD), a gold mine in Guinea. The proposed methodology integrates
steady-state load-flow analysis, transient stability, short-circuit studies, frequency
response, harmonic analysis, protection coordination, advanced inverter control
strategies, and Battery Energy Storage System (BESS) evaluation within a single sim-
ulation environment [16].

Unlike previous studies, this work provides a comprehensive engineering as-
sessment based on a real industrial mining power system, offering practical guid-
ance for the planning, design, optimization, and implementation of reliable, safe,

and sustainable renewable-powered mining microgrids. The proposed framework
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contributes both to the academic literature and to industrial practice by providing
a reproducible methodology for evaluating large-scale renewable integration in

isolated mining power systems [17].

3. Research Methodology
3.1. Research Design

This study employed a quantitative engineering methodology based on computer-
aided power system modelling and simulation to evaluate the technical feasibility
of integrating a 15 MW photovoltaic (PV) power plant into the isolated electrical
network of the Société Miniére de Dinguiraye (SMD), Guinea. The analysis was per-
formed using ETAP Version 22.5, enabling comprehensive steady-state and dy-
namic assessments of the existing diesel-based microgrid under different renewa-
ble penetration scenarios.

A simulation-based approach was selected because it provides a safe and relia-
ble environment for investigating system behavior without interrupting mining
operations. The study adopted a Before- After assessment framework, whereby the
existing diesel power system was first modelled and validated before progressively
introducing photovoltaic generation and Battery Energy Storage System (BESS)
support. This approach enabled direct comparison of network performance be-

fore and after renewable integration [17] [18].

3.2. Research Framework

The research methodology was structured into six sequential phases to ensure a
systematic and reproducible assessment of the proposed hybrid diesel-PV mi-
crogrid:

1) Data Collection: Relevant electrical and operational data were collected,
including single-line diagrams, generator and transformer characteristics, cable
parameters, protection settings, load profiles, and photovoltaic plant specifica-
tions.

2) ETAP Network Modelling: A detailed digital model of the SMD electrical
network was developed in ETAP, incorporating equipment parameters, load allo-
cation, protection devices, and the validated network topology.

3) Base-Case Validation: The diesel-only model was validated using load-flow
results, bus voltage profiles, generator and transformer loading, power factor, net-
work losses, and short-circuit levels to confirm consistency with existing operat-
ing conditions.

4) Photovoltaic and BESS Integration: A 15 MW grid-following photovoltaic
plant was integrated into the model with advanced inverter functions, including
Volt/VAR control, frequency support, ramp-rate limitation, fault ride-through ca-
pability, and optional Battery Energy Storage System modelling.

5) Simulation Studies: The hybrid system was evaluated through load-flow, tran-
sient stability, short-circuit, protection coordination, harmonic, and renewable in-

termittency analyses under representative operating scenarios.
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6) Performance Evaluation: The diesel-only and hybrid diesel-PV configura-
tions were comparatively assessed using technical performance indicators, leading
to engineering recommendations for reliable and practical implementation.

This structured framework enables a comprehensive evaluation of steady-state
performance, dynamic stability, protection behavior, and power quality within a

single validated simulation environment.

3.3. Study Area

The study was conducted on the isolated electrical network of Société Miniére de
Dinguiraye (SMD), a Nordgold gold mining operation located in Guinea. The

electrical configuration of the SMD isolated mining network is shown in Figure

LEGEND

Existing Installation

To Be Constructed by Capital Projects

To Be Constructed by Operation

UG_POWER PLANT

.. NEW_POWER HOUSE!

UG_ELECTRICAL YARD

Figure 1. General electrical power distribution network of the SMD mining plant.

The power system operates independently of the national grid and comprises
diesel generating units operating at 6.6 kV, a 22 kV distribution network, power
transformers, industrial substations, low- and medium-voltage motor control
centres (MCCs), underground electrical distribution systems, and critical mining
process loads.

As shown in Figure 1, the existing UG power plant comprises five diesel gen-
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erator sets with a combined installed capacity of 12.5 MV A, configured as follows:

e Three (3) Mitsubishi prime-rated diesel generators, each rated at 2.5 MVA, 6.6
kV, 50 Hz, operating as the primary base-load generation units.

e Two (2) Teksan standby diesel generators, each rated at 2.5 MV A, 400 V, 50
Hz, connected to the 6.6 kV distribution system through dedicated 400
V/6.6kV step-up transformers. These units provide backup generation capac-
ity during maintenance, contingency events, or periods of increased system
demand.

The total installed diesel generation capacity is 12.5 MVA, corresponding to
approximately 10 MW of active power at a nominal power factor of 0.8. During
all ETAP simulations, diesel generator dispatch was constrained within the in-
stalled capacity of the online generators. The operating configuration adopted for
each simulation case is summarized in Table 1.

The ETAP simulations were performed using four operating configurations.
The base case represents the existing diesel-only microgrid, while the remaining
cases evaluate the progressive integration of a 15 MW photovoltaic power plant,
advanced Volt/VAR control, and Battery Energy Storage System (BESS)-based
Fast Frequency Response (FFR). These operating configurations were used con-
sistently across the different load-flow, transient stability, protection coordina-

tion, and power quality analyses.

Table 1. Operating configuration used in ETAP simulations.

Online diesel Installed genset PV output

Simulation case . Operating mode BESS
units (MVA) (MW)

Case 1 (base case) 3 x Mitsubishi 7.5 0 Diesel-only No

Case 2 3 x Mitsubishi 7.5 15 Diesel + PV No

Case 3 3 x Mitsubishi 7.5 15 Diesel + PV with Volt/VAR control ~ No

. o Diesel + PV + Fast frequency Yes

Case 4 3 x Mitsubishi 7.5 15

response (FFR) (BESS)

The proposed renewable energy system consists of a 15 MW utility-scale pho-
tovoltaic (PV) power plant will be integrated into the existing 6.6 kV underground
(UG) power plant distribution network, forming a hybrid diesel-photovoltaic mi-
crogrid. The PV plant is connected to the main 6.6 kV busbar through an appro-
priately rated step-up transformer, allowing seamless integration with the existing
power generation infrastructure while ensuring compliance with system voltage
and protection requirements.

The operating conditions presented in Table 2 were consistently applied
across all simulation scenarios to ensure a fair comparison. The system load
was maintained at approximately 8 MW, with three Mitsubishi diesel genera-
tors operating online. A minimum diesel loading of 30% and a 15% spinning
reserve were maintained to ensure stable islanded operation. For the BESS sce-
nario, a 5 MW/10MWh battery with an initial 60% state of charge (SOC) was
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modelled to provide Fast Frequency Response (FFR). Steady-state analyses
were based on converged load-flow solutions, while transient simulations were
performed over a 30-second duration to capture the dynamic response of the
hybrid microgrid.

Table 2. Operating conditions used for ETAP simulation scenarios.

Case 3 diesel + PV + Case 4 diesel + PV +

P t Case 1 diesel onl Case 2 diesel + PV
arameter ase 1 diesel only ase 2 diese Volt/VAR BESS
Total system load 8.0 MW 8.0 MW 8.0 MW 8.0 MW
3 x25MVA 3 x2.5MVA 3x2.5MVA
Online diesel generators 3 x 2.5 MV A Mitsubishi . o . L . L
Mitsubishi Mitsubishi Mitsubishi
Available diesel capacity 7.5 MVA 7.5 MVA 7.5 MVA 7.5 MVA
PV output 0 MW 15 MW 15 MW 15 MW
30% of rated output
Minimum diesel loading ootrate .ou putper 0.3 0.3 0.3
unit
Required spinning reserve ~ 15% of total system load 0.15 0.15 0.15
BESS rated power — — — 5 MW
BESS energy capacity — — — 10 MWh
Initial BESS State of Charge — — — 0.6
Simulation duration
Steady-state Steady-state Steady-state Steady-state
(Load Flow)
Simulation duration
30s 30s 30s 30s

(Dynamic)

3.4. ETAP Model Development

A comprehensive digital twin of the mining power system was developed using
ETAP Version 22.5. The developed ETAP model of the SMD isolated mining mi-
crogrid is illustrated in Figure 3. The model incorporated all major electrical com-
ponents, including diesel generators, power transformers, medium-voltage switch-
gear, overhead lines, underground cable networks, induction motors, variable fre-
quency drives (VFDs), photovoltaic generation, Battery Energy Storage Systems
(BESS), protection relays, circuit breakers, busbars, and feeders. Equipment pa-
rameters were derived from manufacturer technical documentation, engineering
design data, and operational records obtained from the mine. Model validation
was performed by comparing simulated operating conditions with measured sys-
tem performance under normal operating conditions, confirming that the digital
model accurately represents the actual electrical network prior to photovoltaic in-
tegration [18].

As shown in Figure 2, the ETAP model accurately represents the complete elec-
trical topology of the SMD isolated mining power system, including the diesel
generating units, medium-voltage distribution network, transformers, industrial
loads, photovoltaic generation, Battery Energy Storage System (BESS), and pro-

tection devices. This validated digital model served as the basis for all subsequent
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load-flow, transient stability, short-circuit, protection coordination, and harmonic
analyses [18] [19].

Figure 2. ETAP digital model.

3.5. Photovoltaic and Battery Energy Storage System Modelling

The photovoltaic plant was modelled as a 15 MW grid-following inverter-based
generation system connected to the medium-voltage network. The inverter model
incorporated active and reactive power control, Volt/VAR regulation, frequency
droop characteristics, ramp-rate limitation, low-voltage ride-through (LVRT),
high-voltage ride-through (HVRT), and fault-current limitation [19] [20].

As shown in Table 3, the selected modelling parameters were established in
accordance with inverter manufacturer recommendations, IEEE 1547, IEC 61727,
and ETAP modelling practices to ensure realistic steady-state, transient stability,
protection, and power quality simulations. These parameters provide a repre-
sentative framework for evaluating the dynamic behavior and grid integration
performance of the proposed 15 MW photovoltaic power plant within the isolated
SMD hybrid diesel-PV microgrid.

To evaluate enhanced operational flexibility, selected simulation scenarios in-
cluded a Battery Energy Storage System (BESS) providing frequency support, syn-
thetic inertia, active power balancing, renewable intermittency mitigation, voltage

support, and ramp-rate control.
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Table 3. Reference parameters of the 15 MW photovoltaic power plant (Modeling assumptions).

Parameter
Maximum active power
Inverter apparent power

Connection voltage
Inverter type
Nominal power factor
Power factor range
Reactive power capability
Main reactive control
Normal control priority
Fault control priority
Voltage reference
Frequency-power droop
Frequency deadband
Fault-current limit
Voltage-control response time
Frequency-control response time
Normal ramp-rate limit
Severe transient ramp scenario

Continuous voltage range

Temporary voltage ride-through range

Normal frequency range
Extreme study range
Voltage and frequency ride-through
Harmonic voltage limit at PCC
Recommended transformer rating

Transformer impedance

Recommended value
15 MWac
>216.5 MVA
6.6 kV, 50 Hz
Grid-following with PLL
1
0.95 leading to 0.95 lagging
+5 MVAr
Volt/VAR or PCC voltage control
Active-power priority
Reactive-current priority
1.00 p.u.
0.04
+0.10 Hz
1.2 p.u.
<100 ms
100 - 200 ms
10% of rated power/min
0.5-2MW/s
0.95 - 1.05 p.u.
0.85 - 1.10 p.u.

49 -51 Hz
47.5-52Hz
Defined UVRT/OVRT curves
THDv < 5%

16.5- 18 MVA
6% - 8%

Brief technical comment
Net power at PCC
Supports P and Q

Step-up transformer
Grid synchronized
Adjustable
Inverter limited
Voltage support
Voltage regulation
Maximizes PV output
Fault support
PCC setpoint
Frequency regulation
Avoids unnecessary response
Current limited
Fast response
Dynamic control
Power smoothing
Disturbance case
Normal operation
Fault ride-through
Continuous operation
Protection study
Grid-code compliant
Power quality
Operating margin

Fault limitation

Provides the volt dfi c
Grid-forming source Three Mitsubishi diesel generators rovides the voltage anc frequency

reference during islanded operation.

The proposed 15 MW PV plant was modelled as a grid-following inverter syn-
chronized to the diesel-powered microgrid through a Phase-Locked Loop (PLL).
The three online Mitsubishi synchronous diesel generators operated in grid-form-
ing mode, establishing the voltage reference through their Automatic Voltage
Regulators (AVRs) and regulating system frequency through governor-based droop
control. The PV inverter supplied active power and Volt/VAR-based reactive power
support while maintaining synchronization with the diesel-generated voltage. In
the BESS scenario, the battery provided Fast Frequency Response (FFR) and syn-

thetic inertia through rapid active power injection or absorption in response to
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frequency deviations and RoCoF. However, the BESS remained coordinated with
the diesel generators, which served as the primary grid-forming sources throughout
all simulation scenarios, ensuring stable voltage and frequency regulation during

both steady-state and transient operation.

3.6. Simulation Study Design and Assessment Scope

Five representative operating scenarios were investigated:

o Load-Flow Analysis: Evaluation of bus voltage profiles, active and reactive power
flow, equipment loading, network losses, and power factor.

e Dynamic Stability Analysis: Assessment of frequency response, voltage recov-
ery, rotor angle stability, diesel generator dynamics, and renewable power fluc-
tuations.

e Short-Circuit and Protection Coordination: Analysis of fault currents, relay op-
erating times, breaker coordination, and protection selectivity.

e Harmonic Analysis: Evaluation of voltage and current harmonic distortion, har-
monic spectrum, resonance conditions, and filter performance.

e Renewable Intermittency Analysis: Investigation of sudden photovoltaic out-
put reductions, frequency recovery, BESS response, and diesel governor per-

formance under variable solar conditions.

3.7. Technical Performance Indicators and Evaluation Criteria

The technical performance of the hybrid power system was evaluated using inter-
nationally recognised electrical performance indicators, including bus voltage mag-
nitude, active and reactive power flow, system frequency, Rate of Change of Fre-
quency (RoCoF), rotor angle stability, short-circuit current, relay operating time,
total harmonic distortion (THDv and THDi), power factor, diesel fuel displace-
ment, and renewable penetration level.

Comparative analyses between the reference diesel network and the hybrid die-
sel-PV system was conducted to quantify the operational benefits and technical

impacts of photovoltaic integration [21] [22].

3.8. Standards and Validation

All simulations and engineering assessments were conducted in accordance with
internationally recognised standards, including IEC 60909, IEC 61000, IEEE 519,
IEEE 1547, IEC 60034, IEC 60255, and IEC 61850. Adherence to these standards
ensures methodological consistency, technical reliability, and reproducibility for

similar isolated mining microgrids [23].

3.9. Research Workflow

The research followed a systematic workflow comprising data collection, ETAP
model development, base-case validation, photovoltaic (PV) and Battery Energy
Storage System (BESS) integration, simulation studies, performance evaluation,

and the formulation of engineering recommendations.
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The ETAP model was first developed and validated using actual operating data
before introducing the proposed 15 MW PV power plant and BESS. Comprehen-
sive simulations, including load-flow, transient stability, short-circuit, protection
coordination, harmonic, and renewable intermittency analyses, were subsequently
performed to assess the technical performance of the hybrid microgrid.

This structured methodology provides a reproducible engineering framework
for evaluating renewable energy integration into isolated mining power systems
while ensuring electrical stability, operational reliability, protection coordination,

power quality, and compliance with international engineering standards [22] [23].

4. ETAP Model and Study System
4.1. Study System Overview

The study was conducted on the isolated electrical network of the Société Miniére
de Dinguiraye (SMD), a Nordgold mining operation in Guinea. The mine oper-
ates as a standalone microgrid powered by diesel generators, supplying industrial
loads through 22 kV and 6.6 kV distribution networks. A 15 MW photovoltaic
(PV) power plant was proposed for integration into the existing system to reduce

diesel fuel consumption while maintaining network reliability.

4.2. Existing Electrical Network

The configuration of the existing SMD electrical network is illustrated in Figure
1. The mine operates as an isolated diesel-powered microgrid designed to supply
continuous electrical power to critical mining and processing facilities. As shown
in Figure 1, the network comprises diesel generating units operating at 6.6 kV,
interconnected through a 22 kV overhead distribution system, 22/6.6 kV power
transformers, medium-voltage switchgear, underground and surface cable net-
works, industrial substations, and medium- and low-voltage motor control cen-
ters (MCCs).

The electrical system supplies a wide range of mining process loads, including
SAG mills, crushers, pumps, ventilation fans, conveyors, and auxiliary services, all
of which exhibit varying load characteristics and require a high level of opera-
tional reliability. The combination of large rotating machines, power electronic
drives, and continuously varying industrial loads makes the network representa-
tive of a complex isolated mining microgrid and provides an appropriate platform
for evaluating the integration of large-scale photovoltaic generation and Battery
Energy Storage Systems (BESS) [24] [25].

4.3. ETAP Digital Model

A detailed digital twin of the SMD electrical network was developed using ETAP
Version 22.5 to accurately represent the configuration of the isolated mining mi-
crogrid shown in Figure 1. The corresponding ETAP implementation of the net-
work is presented in Figure 2.

The digital model incorporates all major electrical components of the existing
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power system, including diesel generators, power transformers, 22 kV overhead
distribution lines, underground and surface cable networks, medium-voltage switch-
gear, industrial induction motors, variable frequency drives (VFDs), protection
relays, circuit breakers, busbars, feeders, the proposed 15 MW photovoltaic (PV)
power plant, and the optional Battery Energy Storage System (BESS). Equipment
ratings, electrical characteristics, protection settings, and operational parameters
were derived from manufacturer technical documentation, engineering design
data, and operational records obtained from the mine to ensure an accurate rep-
resentation of the actual network [25] [26].

As shown in Figure 2, the validated ETAP model served as the foundation for
all load-flow, transient stability, short-circuit, protection coordination, and har-

monic analyses performed in this study.

4.4. Equipment Modelling

The principal electrical components of the SMD hybrid diesel-PV microgrid
were modelled in ETAP using detailed electrical and dynamic parameters to ac-
curately represent their steady-state and transient operating characteristics. Die-
sel generators were represented by synchronous machine models incorporating
governor and Automatic Voltage Regulator (AVR) controls to simulate active
power dispatch, frequency regulation, and voltage response under varying op-
erating conditions. Power transformers were modelled using their rated capac-
ity, voltage ratio, vector group, leakage impedance, winding losses, and on-load
tap changer settings to ensure accurate voltage transformation and power-flow
calculations [27] [28].

Overhead transmission lines and underground cable networks were repre-
sented using conductor electrical characteristics, installation configurations, and
positive- and zero-sequence impedance parameters to accurately simulate power
transfer, voltage drop, fault current levels, and network losses. Industrial loads,
including major mining equipment such as SAG mills, crushers, pumps, ventila-
tion fans, and conveyors, were modelled as dynamic induction motor loads to
capture their starting characteristics, transient behavior, and reactive power de-
mand. This detailed equipment modelling enabled realistic simulation of both
normal operating conditions and network disturbances, thereby providing a reli-
able basis for load-flow, transient stability, short-circuit, protection coordination,
and harmonic analyses [26].

The protection settings presented in Table 4 were adopted as representative
ETAP coordination settings for the 6.6 kV network. Phase and earth-fault protec-
tion were implemented using IEC Standard Inverse characteristics in accordance
with IEC 60255-151. The settings were selected to maintain adequate sensitivity
to feeder faults while preserving discrimination between normal loading, down-
stream faults, and upstream backup protection. Final field implementation would
require verification against the approved SMD protection coordination study, equip-

ment short-circuit withstand ratings, and manufacturer relay setting files.
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Table 4. Representative protection settings adopted in the ETAP study.

Parameter Proposed value
Relay type CPN500M/CPN500L
Overcurrent characteristic IEC Standard Inverse
Phase overcurrent pickup, 51P 0.80 A secondary (160 A primary)
Earth-fault pickup, 51N 0.20 A secondary (40 A primary)
Instantaneous phase element, 50P 8.0 A secondary (1600 A primary)
Instantaneous earth-fault element, 50N 2.0 A secondary (400 A primary)
Time Multiplier Setting, 51P 0.1
Time Multiplier Setting, 5IN 0.08
Breaker opening time 200 ms
System frequency 50 Hz

4.5. Model Validation

The ETAP digital model was validated against the existing diesel-only operating
conditions before introducing the proposed photovoltaic (PV) generation system.
Validation was performed by comparing simulated results with actual operating
data and engineering design information obtained from the SMD electrical net-
work, including bus voltage profiles, generator loading, transformer loading, ac-
tive and reactive power flows, and network losses. These validation parameters
were selected because they represent the principal steady-state performance indi-
cators of the isolated mining power system [27].

To quantitatively assess the fidelity of the developed ETAP model, the base-case
load-flow results were compared with the available SMD field measurements and
operating reference data. The mine provided instantaneous transformer-loading
measurements for the existing electrical network, while nominal bus voltages and
generator ratings were obtained from the plant engineering documentation. Where
active and reactive power measurements were not separately available, these quan-
tities were reconstructed from the measured apparent power using the operating
power factor of 0.85 adopted in the system study. The percentage deviation be-

tween the reference and ETAP values was calculated as:

Deviation (%) = {(Reference — ETAP)/Reference} x 100 (1)

As shown in Table 5, the developed ETAP model demonstrates satisfactory
agreement with the available plant operating data. The directly measured trans-
former-loading deviations range from approximately 1.23% to 9.48%, while the
principal bus-voltage deviations remain below 4%. The reconstructed reactive-
power flow differs by approximately 2.81%, whereas the active-power-flow devi-
ation is approximately 12.16%. The comparatively larger active-power deviation
is attributable to the instantaneous nature of the field measurements and to mod-
elling assumptions required for loads that were unavailable or operating at very

low levels during the site measurement campaign. The ETAP power balance fur-
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ther indicates approximately 27 kW of active network losses for the evaluated ex-
isting OHL section. Overall, the comparison confirms that the model reproduces
the principal voltage profile, equipment loading, generator dispatch, and power-
flow characteristics with sufficient engineering fidelity for the subsequent photo-

voltaic integration studies.

Table 5. quantitative validation of the ETAP base-case model.

Validation parameter Reference basis Measured/Reference ETAP simulation Deviation
Main 6.6 kV bus voltage Nominal operating value 6.60 kV 6.70 kV 0.0152
Existing OHL 22 kV bus voltage = Nominal operating value 22.00 kV 22.80 kV 0.0364
Existing 6.6/22 kV OHL t £
xisting 6.6/22 kV OHL transformer o, )4 measurement 2881 kVA 2608KkVA  0.0948
loading
Base Vie transformer loading Field measurement 547.5kVA 568 kVA 0.0374
UG Office transformer loading Field measurement 65.2kVA 66 kVA 0.0123
o . Derived from measured
Existing OHL active power flow 2448.9 kW 2151 kW 0.1216
2881 kVA, PF = 0.85
L . Derived from measured
Existing OHL reactive power flow 1517.7 kvar 1475 kvar 0.0281
2881 kVA, PF =0.85
UG generator output Rated/operating reference 2.00 MW 1.784 MW 0.108
Existing OHL active network losses ~ ETAP power balance — =27 kW N/A

For model acceptance, the ETAP simulation was considered adequately vali-
dated when the deviation between the simulated and available plant operating
data remained within engineering tolerances adopted for industrial power-system
studies. Bus-voltage deviations below 5%, transformer-loading deviations below
10%, and active/reactive power-flow deviations below 15% were considered ac-
ceptable. As shown in Table 1, all validation parameters satisfied these acceptance
criteria, confirming that the developed ETAP model accurately reproduces the
steady-state operating characteristics of the existing SMD electrical network and
provides a reliable basis for subsequent renewable integration studies.

4.6. Simulation Assumptions

To ensure consistency, repeatability, and realistic representation of the isolated
mining microgrid, all ETAP simulations were performed under a common set of
engineering assumptions. The electrical network was assumed to operate under
balanced three-phase conditions with all equipment functioning within its rated
operating limits. System frequency and nominal bus voltages were maintained at
50 Hz and their respective rated values unless disturbed during dynamic simula-
tion scenarios [29].

Unless otherwise specified, all transient and protection studies were performed
using the operating conditions summarized in Table 2. The Battery Energy Stor-
age System (BESS) was modelled with a rated power of 5 MW, an energy capacity
of 10 MWh, and an initial State of Charge (SOC) of 60%. The photovoltaic plant
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was represented as a grid-following inverter operating under active-power prior-
ity with Volt/VAR control, while the three online Mitsubishi synchronous diesel
generators remained the grid-forming sources providing voltage and frequency
reference throughout all simulations.

The proposed 15 MW photovoltaic power plant was modelled under standard
operating conditions using the inverter parameters presented in Table 1, while
advanced inverter control functions including active power control, Volt/VAR
regulation, frequency droop response, low-voltage ride-through (LVRT), high-
voltage ride-through (HVRT), and fault-current limitation were implemented
where applicable. Unless otherwise specified for individual study scenarios, the
existing protection relay settings, transformer tap positions, and network topol-
ogy remained unchanged to provide a consistent basis for comparing the diesel-
only and hybrid diesel-PV operating conditions [30].

All electrical calculations were performed in accordance with internationally
recognized engineering standards, including IEC 60909 for short-circuit analysis,
IEEE 519 for harmonic assessment, IEEE 1547 for distributed energy resource in-
terconnection, IEC 61000 for power quality evaluation, and IEC 60255 for protec-
tion system performance. These assumptions ensure that the simulation results
are technically consistent, reproducible, and representative of the operating char-

acteristics of a real isolated mining microgrid [31].

5. Simulation Results and Analysis
5.1. Simulation Strategy

Comprehensive steady-state and dynamic simulations were performed using
ETAP Version 22.5 to evaluate the technical performance of integrating a 15 MW
photovoltaic (PV) power plant into the isolated SMD mining microgrid. A com-
parative Before- After assessment methodology was adopted, whereby the existing
diesel-only network was first validated and subsequently analyzed following the
integration of photovoltaic generation, advanced inverter control functions, and
an optional Battery Energy Storage System (BESS). The simulation program com-
prised load-flow, transient stability, short-circuit, protection coordination, har-
monic, and renewable intermittency analyses to evaluate system performance un-
der representative operating conditions. All studies were conducted in accordance
with relevant IEC and IEEE standards to ensure the technical reliability, repro-
ducibility, and practical applicability of the results [31] [32].

Unless otherwise stated, all simulation results presented in Sections 5.2 - 5.6
were obtained using the operating conditions summarized in Table 2, ensuring a
consistent basis for comparing the diesel-only, diesel-PV, diesel-PV with Volt/VAR

control, and diesel-PV-BESS operating scenarios.

5.2. Load Flow Analysis

The load-flow simulation results evaluate the steady-state performance of the pro-

posed 15 MW PV integration into the isolated SMD mining microgrid. Figures
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1-5 compare the diesel-only and hybrid diesel-PV operating conditions, highlight-
ing the effects of PV integration on power factor, voltage profile, active and reac-
tive power flow, and diesel generator loading. The results provide a comprehen-
sive assessment of the technical benefits of photovoltaic integration under normal
operating conditions. Three operating cases were analysed: diesel-only, diesel +
15 MW PV, and diesel + PV with Volt/VAR control [33].
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Figure 3. Load flow performance of the hybrid diesel-PV microgrid.
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Load flow simulations were performed using ETAP to evaluate the steady-state
performance of the isolated SMD/Nordgold power system under three operating
scenarios: the diesel-only base case, the integration of a 15 MW photovoltaic (PV)
power plant, and PV operation with Volt/VAR control. The results demonstrate
that PV integration significantly enhances the electrical performance of the min-
ing network by improving the power factor at critical buses, as shown in Figure
3(a), improving voltage regulation, reducing active and reactive power flows
through upstream network components, and optimizing diesel generator dis-
patch. In the diesel-only configuration, bus voltages progressively decrease from the
22 kV main bus to the 6.6 kV and 0.4 kV distribution levels due to the high reactive
power demand of large motor-driven loads, as illustrated in Figure 3(b) [34].

The addition of the 15 MW PV plant increases voltage levels by approximately
2% - 3%, while the implementation of Volt/VAR control maintains bus voltages
close to the recommended operating range through effective local reactive power
support (Figure 3(b)). Simultaneously, the PV plant reduces active power transfer
through the main transformer, 22 kV overhead line, and downstream feeders (Fig-
ure 3(c)), while a corresponding reduction in reactive power flow is observed in
Figure 3(d). These effects contribute to lower diesel generator loading, reduced
network losses, and improved overall power factor, particularly at the medium-
voltage buses (Figure 3(a)) [35].

The load-flow results indicate a progressive reduction in diesel generator out-
put as photovoltaic generation increases, as shown in Figure 3(e). In all simula-
tion cases, the dispatched diesel generation remained within the installed capacity
of the online generating units while maintaining the required spinning reserve for
stable isolated microgrid operation.

Overall, Figures 3(a)-(e) demonstrate that integrating a 15 MW PV plant with
advanced inverter-based reactive power control substantially improves the steady-
state efficiency, voltage performance, power factor, and operational reliability of
the isolated mining power system while reducing upstream power transfer, die-
sel generation, fuel consumption, greenhouse gas emissions, and operating costs
[36].

5.3. Transient Stability Analysis

Throughout all transient simulations, the synchronous diesel generators remained
the primary grid-forming sources, while the photovoltaic inverter and optional
BESS operated in coordinated grid-following mode. Consequently, voltage and
frequency regulation were established by the diesel generator AVRs and gover-
nors, whereas the PV inverter supplied active and reactive power and the BESS pro-
vided supplementary Fast Frequency Response (FFR) and synthetic inertia during
transient disturbances.

Transient stability simulations were conducted to evaluate the dynamic response
of the proposed 15 MW PV-integrated diesel microgrid under representative dis-

turbance scenarios. Figures 1-5 illustrate the system response in terms of rotor
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angle oscillations, system frequency, generator load sharing, PCC voltage recov-

ery, and frequency response with and without Battery Energy Storage System

(BESS) support. The results demonstrate the ability of the hybrid microgrid to

maintain synchronism, rapidly restore voltage and frequency, effectively balance

generation following PV power variations, and ensure stable and reliable opera-

tion under islanded conditions [33] [34].
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Figure 4. Transient stability performance of the hybrid diesel-PV microgrid.
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Transient stability simulations were performed using ETAP to evaluate the dy-
namic response of the isolated SMD/Nordgold diesel-PV power system following
severe disturbances, including islanding events, sudden PV power fluctuations,
and generation-load imbalances. The analysis assessed rotor angle stability, sys-
tem frequency, generator load sharing, PCC voltage recovery, and the effective-
ness of fast frequency response (FFR) support. Following the disturbance, the syn-
chronous diesel generators exhibited damped rotor angle oscillations without loss
of synchronism, confirming satisfactory electromechanical stability, as shown in
Figure 4(a).

System frequency experienced a temporary decline but subsequently recovered
toward its nominal operating value through governor action, demonstrating ade-
quate system inertia and spinning reserve, as illustrated in Figure 4(b). During
PV power reduction, the diesel generators automatically increased their output
through droop control, achieving stable load sharing and a new operating equi-
librium without unstable oscillations, as shown in Figure 4(c). Similarly, the PCC
voltage underwent a transient dip followed by damped oscillations before stabi-
lizing close to 1 p.u., indicating effective automatic voltage regulator (AVR) per-
formance and robust voltage regulation, as presented in Figure 4(d) [35].

Comparative frequency response analysis further showed that integrating a 15
MW PV plant increases frequency deviations due to reduced system inertia; how-
ever, the implementation of Fast Frequency Response (FFR) through synthetic
inertia or a Battery Energy Storage System (BESS) significantly improves the fre-
quency nadir, accelerates damping, and shortens the recovery time, as demon-
strated in Figure 4(e) [36].

Overall, Figures 4(a)-(e) demonstrate that the proposed diesel-PV hybrid sys-
tem maintains satisfactory transient stability under the simulated disturbances,
while the addition of FFR/BESS substantially enhances the dynamic performance
and operational security of the isolated mining power network.

To provide a quantitative assessment of the transient performance of the pro-
posed hybrid diesel-PV microgrid, the principal dynamic response indicators ob-
tained from the ETAP simulations are summarized in Table 6. The reported pa-
rameters include the disturbance type, disturbance magnitude, fault location,
fault-clearing time, frequency nadir, Rate of Change of Frequency (RoCoF), min-
imum PCC voltage, maximum rotor-angle deviation, and settling time. These nu-
merical results provide a reproducible basis for evaluating system stability under
representative operating disturbances.

To complement the qualitative discussion, the principal transient-performance
indices obtained from the ETAP simulations are summarized in Table 6. These
numerical results quantify the dynamic response of the hybrid diesel-PV microgrid
under the investigated disturbance scenarios and provide a reproducible engineer-
ing basis for evaluating system stability. The investigated disturbances included a
sudden 10 MW photovoltaic generation loss at the 6.6 kV Point of Common Cou-
pling (PCC) and a three-phase short circuit applied at the PCC, cleared after 200
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ms by the protection system.

Table 6. Quantitative transient-performance results for the investigated disturbances.

Parameter Sudden PV loss  Three-phase fault PV loss with BESS (FFR)
Disturbance magnitude 10 MW PV trip 35kA 10 MW PV trip
6.6 kV PCC
Fault location . PCC 6.6 kV PCC
(PV connection)
Clearing time N/A 200 ms N/A
Frequency nadir (Hz) 49.3 49.3 49.55
Minimum voltage (p.u.) 0.94 0.25 0.98
. 3 Stable (No loss of
Maximum rotor angle (*) +4.8 . +3.5
synchronism)
Settling time (s) =20 =1.5 =10
RoCoF See discussion below N/A Lower than PV-only case

The quantitative results confirm that the hybrid diesel-PV microgrid remains
transiently stable for all investigated disturbances. Following the sudden loss of 10
MW of photovoltaic generation, the system frequency decreases to a minimum
value of approximately 49.3 Hz, while the PCC voltage reaches approximately 0.94
p.u. before recovering to its nominal value. The maximum rotor-angle deviation
remains limited to approximately +5°, indicating that synchronism is preserved
throughout the disturbance. During the simulated three-phase short circuit ap-
plied at the PCC, the fault current reaches approximately 35 kA, and the protec-
tion system successfully clears the fault within 200 ms, resulting in rapid voltage
recovery without generator instability. When Fast Frequency Response (FFR)
from the BESS is enabled, the frequency nadir improves to approximately 49.55
Hz, rotor-angle oscillations are more effectively damped, and the settling time is
reduced from approximately 20 s to 10 s, demonstrating the beneficial contribu-

tion of synthetic inertia and rapid active-power support.

5.4. Hybrid Microgrid Transient Stability

The transient stability simulations evaluate the dynamic performance of the pro-
posed 15 MW PV-integrated hybrid diesel microgrid under representative oper-
ating disturbances. Figures 1-6 present the system response in terms of Rate of
Change of Frequency (RoCoF), governor primary response, BESS state of charge,
PV ramp-rate control, fault current characteristics, circuit breaker operation, PCC
voltage recovery, and protection coordination. These results provide a compre-
hensive assessment of the hybrid microgrid’s ability to withstand disturbances,
rapidly restore system stability, and maintain reliable and secure operation under
high photovoltaic penetration [32]-[36].

The above figures present the transient stability performance of the proposed

hybrid diesel-PV microgrid under dynamic operating conditions. The simulations
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€))

evaluate the system response to rapid PV generation loss, frequency disturbances,

three-phase faults, and protection system operation. Figure 5(a) presents the Rate

of Change of Frequency (RoCoF) following rapid PV loss, while Figure 5(b) illus-

trates the corresponding primary frequency response provided by the diesel gen-

erator governor.
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Figure 5. Dynamic stability of the hybrid diesel-PV-BESS microgrid.
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The instantaneous RoCoF plot presented in Figure 5(a) corresponds to the nu-
merical derivative calculated immediately after the imposed disturbance. This
value represents the instantaneous simulation response rather than the filtered
RoCoF evaluated by practical protection relays. Modern numerical relays estimate
RoCoF using moving measurement windows and digital filtering, thereby signif-
icantly attenuating the initial spike. Consequently, the instantaneous excursion
shown in the simulation should not be directly compared with the relay operating
threshold of —0.5 Hz/s. The protection assessment presented in this study is there-
fore based on the filtered RoCoF response rather than on the instantaneous nu-
merical derivative. The BESS supplies short-term dynamic support, maintaining
an adequate state of charge and improving frequency stability during transient
events, as shown in Figure 5(c). The PV ramp-rate control effectively limits sud-
den power fluctuations, thereby reducing the impact on diesel generators and net-
work frequency, as illustrated in Figure 5(d).

Short-circuit simulations demonstrate the three-phase fault-current response
at the PCC, as presented in Figure 5(e), and a rapid interruption of the fault fol-
lowing circuit breaker operation, as shown in Figure 5(f). The PCC voltage sub-
sequently recovers quickly after fault clearance, confirming satisfactory voltage
stability, as illustrated in Figure 5(g). The time-current characteristic (TCC) in
Figure 5(h) verifies proper coordination of the overcurrent protection system,
ensuring selective and reliable fault isolation.

Protection coordination simulations were carried out using the existing SMD
overcurrent relay settings implemented in the ETAP model. The coordination as-
sessment, represented by the fault-clearing sequence in Figure 5(f) and the TCC
characteristic in Figure 5(h), verified relay selectivity, breaker operating sequence,
and fault-clearing performance for the adopted fault scenarios, confirming correct
discrimination between primary and backup protection devices.

Overall, Figures 5(a)-(h) demonstrate that the proposed 15 MW PV-integrated
diesel microgrid exhibits satisfactory transient stability, effective protection coor-
dination, rapid fault recovery, and robust dynamic performance, confirming its
suitability for reliable operation in an isolated mining power system with high

renewable energy penetration [37] [38].

5.5. Harmonic Analysis

Harmonic simulations were conducted to evaluate the power quality performance
of the proposed 15 MW PV-integrated hybrid microgrid under normal operating
conditions. Figures 1-6 present the results for current harmonic distortion (THDi),
network resonance characteristics, voltage harmonic spectrum, filter effectiveness,
and comparative total harmonic voltage distortion (THDv) before and after PV
integration. The analysis provides a comprehensive assessment of the impact of
photovoltaic generation on harmonic performance and verifies compliance with
IEEE Std. 519 through the application of appropriate harmonic mitigation measures
[38].
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Figure 6. Harmonic performance of the hybrid diesel-PV microgrid.

Harmonic analysis was conducted using ETAP to evaluate the impact of inte-
grating a 15 MW photovoltaic (PV) power plant on power quality and compliance
with IEEE 519 and IEC 61000 standards. The assessment included current har-
monic distortion (THDi) of major nonlinear loads (Figure 6(a)), impedance scan-

ning for resonance identification (Figure 6(b)), voltage harmonic spectrum anal-

DOI: 10.4236/¢s.2026.175005 106 Circuits and Systems


https://doi.org/10.4236/cs.2026.175005

M. K. Kazadi, N. M. Babakidi

ysis at the point of common coupling (PCC) (Figure 6(c) and Figure 6(e)), and
the effectiveness of harmonic mitigation techniques (Figure 6(d) and Figure
6(f).

The results indicate that variable speed drives (VSDs) are the dominant har-
monic sources, exhibiting the highest current distortion, followed by UPS systems
and rectifiers, whereas the PV inverter contributes comparatively lower harmonic
distortion due to its advanced PWM control and integrated LCL filtering, as
shown in Figure 6(a). Impedance scan analysis (Figure 6(b)) identified potential
resonance frequencies around 500 - 600 Hz and at higher frequencies around 1000
Hz, highlighting the need to prevent harmonic amplification under certain net-
work operating conditions.

The voltage harmonic spectrum at the PCC (Figure 6(c)) shows that the lower-
order harmonic components are dominant, with their magnitude progressively
decreasing at higher harmonic orders. The comparative harmonic spectrum (Fig-
ure 6(e)) further illustrates the effect of PV integration on individual voltage har-
monic components and the subsequent reduction achieved through harmonic fil-
tering. Nevertheless, the overall voltage distortion remains within acceptable lim-
its, indicating that no significant resonance amplification occurs under normal
operating conditions. Furthermore, Figure 6(d) demonstrates that passive and
active harmonic filters substantially reduce the total harmonic voltage distortion
(THDv), while Figure 6(f) compares THDv at the 6.6 kV PCC bus, 0.4 kV utilities,
and 0.4 kV MCC before PV integration, after PV integration, and after the appli-
cation of harmonic filters. These results demonstrate that appropriate filtering
significantly improves power quality and supports compliance with international
harmonic standards.

Overall, Figures 6(a)-(f) demonstrate that the proposed diesel-PV hybrid mi-
crogrid maintains satisfactory harmonic performance when appropriate filtering
and resonance-mitigation measures are implemented. The resulting harmonic
distortion at the PCC remains within acceptable power-quality limits, supporting
reliable system operation and compliance with the applicable requirements of
IEEE Std 519 and IEC 61000 [36] [37].

5.6. Performance Evaluation

The technical performance of the proposed hybrid diesel-PV power system was
evaluated using a comprehensive set of electrical performance indicators to quan-
tify the impact of integrating a 15 MW photovoltaic power plant into the isolated
SMD mining microgrid. Comparative assessments were performed between the
reference diesel-only configuration and the hybrid operating scenarios to evaluate
both steady-state and dynamic system behavior.

The principal evaluation criteria included bus voltage magnitude (p.u.), active
and reactive power flow (MW/MV Ar), generator loading (%), system frequency
(Hz), Rate of Change of Frequency (RoCoF), rotor angle stability, short-circuit cur-

rent (kA), relay operating time (ms), total harmonic voltage distortion (THDv), and
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total harmonic current distortion (THDi). Additional indicators, including net-
work losses, power factor, diesel fuel displacement, and renewable energy pene-
tration, were also considered to assess the overall operational efficiency and relia-
bility of the hybrid microgrid.

The simulation results were benchmarked against the relevant requirements of
IEC 60909, IEEE 519, IEEE 1547, IEC 61000, and IEC 60255 to verify compliance
with internationally accepted limits for system stability, protection coordination,
and power quality. The comparative analysis enabled a comprehensive assessment
of the technical feasibility, operational reliability, and resilience of the proposed
diesel-PV hybrid system under both normal operating conditions and severe net-
work disturbances, providing quantitative engineering evidence to support the
large-scale integration of photovoltaic generation into isolated mining microgrids
[38] [39].

6. Results and Discussion

The comprehensive ETAP simulations demonstrate that integrating a 15 MW
photovoltaic (PV) power plant into the isolated SMD/Nordgold mining microgrid
is technically feasible and substantially enhances the electrical performance, oper-
ational efficiency, and sustainability of the existing diesel-based power system.
Comparative analyses between the reference diesel-only configuration and the
proposed hybrid diesel-PV microgrid consistently indicate that high renewable
energy penetration can be achieved without compromising electrical stability,
protection performance, or power quality when appropriate inverter control strat-
egies and energy storage support are implemented [39].

Under steady-state operating conditions, PV integration improved voltage reg-
ulation throughout the medium- and low-voltage network by providing local ac-
tive power generation and reactive power support through Volt/VAR control. The
resulting reduction in active and reactive power transfer through upstream trans-
formers and distribution feeders decreased network losses, improved the overall
power factor, and significantly reduced diesel generator loading. These improve-
ments demonstrate the ability of distributed photovoltaic generation to increase
system efficiency while reducing fuel consumption, operating costs, and green-
house gas emissions, thereby supporting the decarbonization objectives of isolated
mining operations [40].

Dynamic simulations confirmed that the proposed hybrid diesel-PV microgrid
maintains satisfactory transient stability under severe operating disturbances. Fol-
lowing generation-load imbalances and sudden reductions in photovoltaic out-
put, the synchronous diesel generators remained synchronized and exhibited
well-damped rotor-angle oscillations, while the automatic voltage regulators and
governor control systems restored voltage and frequency to acceptable operating
limits. Although increased photovoltaic penetration reduced the effective rota-
tional inertia of the system, the implementation of a Battery Energy Storage Sys-

tem (BESS) providing Fast Frequency Response (FFR) significantly enhanced dy-
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namic performance by reducing the Rate of Change of Frequency (RoCoF), im-
proving the frequency nadir, shortening recovery time, and mitigating the impact
of renewable intermittency. The transient-performance indices summarized in
Table 6 further demonstrate that the proposed hybrid system maintained a min-
imum frequency of approximately 49.3 Hz, a minimum PCC voltage of 0.94 p.u.,
rotor-angle deviations below +5°, and successful fault clearance within 200 ms
under the investigated disturbances, confirming compliance with the transient
stability objectives established for the study.

These results confirm that coordinated inverter controls and fast-acting energy
storage are essential for maintaining frequency resilience in isolated mining mi-
crogrids with high renewable penetration [41].

Short-circuit and protection studies demonstrated that inverter-based photo-
voltaic generation moderately reduced fault-current levels compared with the die-
sel-only configuration. Nevertheless, the reduction was not sufficient to compro-
mise protection system performance. Minor adjustments to relay pickup settings
and coordination margins were adequate to preserve selective fault isolation and
reliable circuit-breaker operation. These findings indicate that existing protection
schemes can generally accommodate large-scale photovoltaic integration with
limited modifications, provided that detailed protection coordination studies are
performed during the design stage.

Power quality assessments further showed that the dominant harmonic distor-
tion originated from existing nonlinear industrial loads, particularly variable-
speed drives, rather than from the photovoltaic inverter itself. With appropriate
passive and active harmonic filtering, both voltage and current harmonic distor-
tion remained within the limits prescribed by IEEE 519, confirming that large-
scale photovoltaic integration can be achieved without adversely affecting power
quality. This result highlights the importance of harmonic mitigation measures in
industrial microgrids containing extensive power electronic equipment.

Opverall, the simulation results provide strong engineering evidence that the
proposed hybrid diesel-PV architecture represents a technically robust and oper-
ationally reliable solution for isolated mining power systems. Beyond reducing
diesel fuel consumption and carbon emissions, the integration of advanced in-
verter controls, coordinated protection, and BESS support enables high renewable
energy penetration while maintaining electrical stability, operational security, and
compliance with internationally recognised power system standards. These find-
ings demonstrate the practical applicability of the proposed ETAP-based method-
ology and provide valuable guidance for the planning, design, and implementa-
tion of renewable-powered mining microgrids in Africa and other remote indus-
trial regions [41] [42].

7. Engineering Implications

This study provides a practical engineering framework for integrating large-scale

photovoltaic (PV) generation into isolated diesel-powered mining microgrids.
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The ETAP simulation results demonstrate that high PV penetration can be suc-
cessfully achieved without compromising system reliability when supported by
comprehensive load-flow, transient stability, short-circuit, protection coordina-
tion, and harmonic analyses during the design stage. Advanced inverter functions
including Volt/VAR control, LVRT/HVRT, frequency droop, and ramp-rate con-
trol together with a Battery Energy Storage System (BESS) providing Fast Fre-
quency Response (FFR), significantly enhance voltage regulation, frequency sta-
bility, and overall system resilience.

The study also demonstrates that the reduced fault-current contribution of in-
verter-based generation can be effectively managed through appropriate relay set-
ting adjustments and protection coordination, ensuring secure operation under
bidirectional power-flow conditions. Furthermore, the proposed hybrid diesel-PV
architecture reduces diesel consumption, network losses, operating costs, and
greenhouse gas emissions while maintaining compliance with IEC 60909, IEC
61000, IEEE 519, and IEEE 1547.

The proposed ETAP-based assessment methodology provides a practical refer-
ence for mining companies, utilities, consultants, and power system engineers in-
volved in the planning, design, and implementation of reliable, resilient, and sus-
tainable renewable-powered mining microgrids. It also offers valuable engineer-
ing guidance for future mining electrification and decarbonization projects in re-

mote regions with high renewable energy penetration [41] [42].

8. Conclusions

This study presented a comprehensive technical assessment of integrating a 15
MW photovoltaic (PV) power plant into the isolated electrical network of the So-
ciété Miniére de Dinguiraye (SMD) gold mine in Guinea using a high-fidelity
ETAP Version 22.5 simulation model. By combining steady-state and dynamic
analyses including load-flow, transient stability, photovoltaic dynamic behavior,
short-circuit analysis, protection coordination, harmonic assessment, and renew-
able intermittency studies the research demonstrated the technical feasibility
of large-scale photovoltaic integration into an isolated mining microgrid with-
out compromising system security, operational reliability, or power quality.

The simulation results showed that the proposed hybrid diesel-PV configura-
tion significantly improves voltage regulation, power factor, and overall network
efficiency while reducing diesel generator loading, active and reactive power
transfer, transmission losses, fuel consumption, and associated greenhouse gas
emissions. Dynamic analyses confirmed satisfactory rotor-angle stability, effective
voltage recovery, and acceptable frequency deviations following severe network
disturbances. Furthermore, the integration of a Battery Energy Storage System
(BESS) providing Fast Frequency Response (FFR) substantially enhanced system
resilience by reducing the Rate of Change of Frequency (RoCoF), improving the
frequency nadir, mitigating renewable intermittency, and accelerating post-dis-

turbance frequency recovery. Protection studies demonstrated that only limited
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relay setting adjustments were required to accommodate the reduced fault-cur-
rent contribution of inverter-based resources while maintaining adequate protec-
tion selectivity and fault-clearing performance. Harmonic analyses further con-
firmed compliance with IEEE 519 following the application of appropriate har-
monic mitigation measures [43] [44].

A major contribution of this research is the development of an integrated
ETAP-based engineering framework capable of simultaneously evaluating power-
flow performance, transient stability, protection coordination, fault behavior, and
power quality within a single validated industrial model. Unlike many previous
investigations that consider these aspects independently, the proposed methodol-
ogy provides a holistic and reproducible approach for assessing renewable energy
integration in isolated mining power systems, thereby bridging the gap between
academic research and industrial engineering practice [45]. The validated ETAP
model satisfied the adopted engineering acceptance criteria for voltage profile,
equipment loading, power flow, and protection performance, providing confi-
dence in the reproducibility and applicability of the reported simulation results
for future hybrid diesel-PV microgrid studies.

The findings demonstrate that, when supported by advanced inverter control
strategies, coordinated protection schemes, and appropriately sized energy stor-
age, large-scale photovoltaic generation can substantially decarbonize isolated
mining operations while maintaining compliance with internationally recognized
engineering standards. Consequently, the proposed hybrid diesel-PV architecture
represents a technically robust, economically attractive, and environmentally sus-
tainable solution for future mining electrification projects.

Future research should extend the present work by incorporating techno-eco-
nomic optimization, long-term operational scheduling, stochastic solar irradiance
modelling, battery degradation analysis, real-time Energy Management Systems
(EMS), and Hardware-in-the-Loop (HIL) or field validation to further strengthen
the applicability of the proposed methodology for next-generation renewable-

powered mining microgrids.
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