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This study presents a short-circuit and protection coordination analysis of a
33 kV/0.4 kV industrial distribution network supplying a phosphate
processing plant in Mauritania. Using ETAP software, the system was
modeled to evaluate fault behaviors based on IEC 60909 and IEC 60255-151
standards. The study assesses the existing protection architecture and
proposes an optimized digital protection framework. Simulation results
indicate that the initial symmetrical short-circuit current at the 0.4 kV busbar
reaches 96.5 kA, exceeding the 25-36 kA breaking capacity of the legacy
equipment by nearly 300%. The analysis also investigates single-line-to-
ground faults, revealing a fault current inversion phenomenon driven by the
solid grounding configuration. To address these vulnerabilities, the study
proposes upgrading to 150 kA-rated high-breaking-capacity switchgear and
implementing advanced negative-sequence protection (ANSI 46) and
transformer differential protection (ANSI 87T). This work provides a

practical diagnostic framework for mitigating asymmetrical faults and
optimizing protection coordination in heavy-duty industrial clusters.
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1. INTRODUCTION

The operational stability of modern industrial power systems is fundamentally predicated on the
precision of fault analysis and the reliability of protection coordination schemes [1]. Efficient power
distribution is critical for heavy industrial facilities, such as phosphate processing plants, which rely heavily
on continuous operation to avoid severe economic and material losses [2]. As industrial facilities evolve,
incorporating complex motor loads and intricate distribution architectures, reliance on conventional steady-
state power flow and standard short-circuit methodologies has become increasingly inadequate [3], [4].
Network anomalies, such as phase-breakage and high-magnitude asymmetrical faults, pose severe risks of
equipment failure, thermal degradation, and operational instability [5], [6].

The IEC 60909 standard continues to serve as the foundational international framework for
calculating symmetrical and asymmetrical fault currents in three-phase AC systems [7]. Digital simulation
platforms, notably ETAP, have consequently become indispensable tools for conducting fault-level
calculations and optimizing relay settings in complex industrial environments [8], [9]. An important aspect in
maintaining the integrity of the electrical system is the precise selection and provision of performance
switches, protecting the network and staff from the potentially devastating effects of short-circuits [10].
Furthermore, robust disturbance management and fault diagnosis now demand a comprehensive
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understanding of asymmetrical network behavior and transient signatures [11]. In parallel, recent literature
extensively investigates the critical role of neutral grounding configurations—specifically comparing solid
versus resistive grounding methods—in shaping short-circuit dynamics. Research confirms that the low zero-
sequence impedance paths inherent to solid grounding can drastically amplify single-line-to-ground fault
magnitudes, occasionally causing them to exceed three-phase fault levels [12]. Because conventional
electromechanical overcurrent relays are frequently inadequate for mitigating such severe asymmetrical
anomalies, modern industrial standards increasingly advocate for the deployment of advanced digital
intelligent electronic devices (IEDs) [13]. The integration of specialized protective functions, such as
negative-sequence monitoring (ANSI 46) and transformer differential protection (ANSI 87T), has thus
emerged as the state-of-the-art approach to ensuring selectivity and preventing thermal degradation under
heavy dynamic load stresses [14].

While existing literature extensively covers standard overcurrent coordination [15], there is a
growing need to analyze fault-limiting strategies and grid impacts using advanced network configurations
[16]. Furthermore, optimizing the planning and operational reliability of industrial and isolated distribution
grids requires robust empirical and simulation frameworks [17]. This study focuses on the practical
diagnostic optimization of the BOFALE industrial network, moving beyond standard descriptive case studies.
It provides a structured ETAP simulation framework covering multiple fault conditions. The primary
contribution lies in diagnosing the non-compliant switchgear architecture and proposing an optimized digital
protection scheme that improves system performance, reduces losses, and ensures compliance with industrial
standards [18]. By identifying critical equipment vulnerabilities and deploying a multi-layer protection
strategy, this research ensures system reliability and personnel safety. The findings offer a replicable
blueprint for upgrading legacy industrial networks to meet modern safety compliance and operational
resilience standards, contributing to the broader field of industrial power system protection [19], [20].

2. METHOD

To ensure clarity, methodological transparency, and exact reproducibility in accordance with
international power engineering standards, this section details the step-by-step experimental and
mathematical framework we applied to the modeled power system.

2.1. Research design/approach

In this study, we employ a deterministic, simulation-based case study design to evaluate short-circuit
fault dynamics and optimize protection coordination in a heavy-duty industrial distribution network. We
selected a digital simulation approach as it is highly appropriate and necessary to address our research problem;
it enables us to precisely compute severe asymmetrical fault currents and iteratively test relay selectivity
under extreme thermal and electrodynamic constraints without jeopardizing the physical infrastructure.

2.2. Materials/data sources

We conducted our study on the 33 kV/0.4 kV electrical distribution network supplying the BOFALE
phosphate processing plant. We directly acquired the single-line diagram and network parameters from the
facility’s operational data. The system materials and datasets we utilized comprise:

- Upstream grid: A main 33 kV supply source with a short-circuit capacity of 500 MVVAsc and an X/R ratio
of 10.

- Power transformers: Two primary step-down units (T2: 4000 kVA, Z = 6%; T4: 630 kVA). For both
units, we utilize a Dyn11 vector group with the secondary neutral solidly grounded (Yn), establishing a
low zero-sequence impedance return path.

- Induction motors: Downstream asynchronous process and drilling motors, which we modeled as a lumped
capacity of 2.5 MVA (0.4 kV, cos® = 0.85, ILR/In = 6.5, subtransient reactance Xd" = 16.7%).

- Cables: Copper conductors with XLPE insulation (3x240 mm?, R1 = 0.0754 Q/km, X1 = 0.0720 Q/km).

By integrating this comprehensive baseline data, we ensured that our electrical transient analyzer program

(ETAP) model accurately reflects real-world industrial conditions. The detailed technical parameters are

summarized in Table 1.

2.3. Procedures/implementation steps
We systematically executed our experimental procedure through the following sequence:

- Data integration and network modeling: We constructed the BOFALE network topology within the ETAP
simulation platform (Figure 1), incorporating legacy circuit breaker ratings and cable ampacity limits.

- Load flow analysis: We executed steady-state power flow algorithms to establish the pre-fault voltage
profile and nominal current flows across all medium- and low-voltage busbars.

- Standard short-circuit simulation: We computed initial symmetrical, asymmetrical, and peak fault levels
(three-phase and single-line-to-ground) following strict IEC 60909 guidelines.
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- Asymmetrical fault analysis: We simulated an open-phase (Phase A) discontinuity to quantify transient
voltage imbalances and the propagation of negative-sequence currents to downstream motor loads.

- Protection optimization: We configured digital intelligent electronic devices (IEDs) utilizing IEC standard
inverse-time characteristics, followed by a rigorous coordination time interval (CTI) verification.

Table 1. Technical input parameters and network simulation data

Network component

Parameter description

Design/operational value

Upstream grid

Main transformer (T2)

Medium voltage busbars

Low voltage busbars
(Bus 1 & Bus 2)
Low voltage main cables

Downstream asynchronous
Drilling motors

Nominal voltage (Vgria)
Short-circuit power (Ss)

X/IR ratio

Nominal apparent power (S;)
Voltage ratio (Vprim/Vsec)
Positive-sequence impedance (Z;)
Zero-sequence impedance (Z)
Vector group/coupling
Primary grounding

Secondary grounding

Nominal voltage

Operational frequency
Nominal voltage

Continuous nominal current
Conductor material/insulation
Cross-sectional area

Positive resistance (R;)
Positive reactance (Xy)

Total lumped load capacity
Nominal motor voltage
Locked-rotor current ratio (I, / In)
Average power factor (cos®)
Subtransient reactance (X"4)

33 kV

500 MVA

10

4.0 MVA (upgraded)
33kV/0.4 kv
6.0% (XIR=7)
5.1% (XIR=7)
Dynl1l

Delta (ungrounded)
Solidly grounded neutral (Yy)
33kVv

50 Hz

0.4 kV (400 V)
6300 A
Copper/XLPE

3 x 240 mm?
0.0754 Q/km
0.0720 Q/km

2.5 MVA

0.4 kV

6.5

0.85 (Lagging)
16.70%

Busl

Edebaye 33 kv
500 MVAsc

s

33 kv

Bus 2

33 kv

T2

4000 kVA

BOFALE 1

BOFALE2

T4
630 kVA

0.4 kv

0.4 kv l

aqr
CAP1
1x1 Mvar

®

Lump2
3173 kVA

Cablel

Mtr1
22 kw

Mtr 2
30 kw

Cable 2 Cable 3

Mmtr3
22 kw

Figure 1. Baseline single-line diagram of the 33 kV/0.4 kV BOFALE distribution network modeled in ETAP

2.4. Models/algorithms/techniques

To guarantee the full reproducibility of our simulations, we based our mathematical and algorithmic
core on standardized deterministic formulations:

2.4.1. Load flow program (Newton-Raphson method)

We determined the pre-fault network state variables (voltage magnitude Vi and phase angle 6;) by
solving non-linear power balance equations. For a network of N buses, the active (P;) and reactive (Qi) power
injected at bus i are formulated as (1) and (2).
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Pi ZZ?]:lVlV](Gl} COSQU +B”Sln9”) (1)
Qi = §V=1VLV](G”SlTl9U —B” COSQU) (2)
We maintained convergence strictly below a tolerance threshold of 0.001 MW/Mvar.

2.4.2. Short-circuit calculation (IEC 60909)
We calculated the initial symmetrical short-circuit current (I") using an equivalent voltage source at
the fault location, as in (3).

o CUn

I = @)

Where c is the voltage factor (we set this to 1.05 for maximum fault current stress and 0.95 for minimum
thresholds), Un is the nominal system voltage, and Zk is the equivalent short-circuit impedance. To assess the
electrodynamic withstand capability of the switchgear, we defined the peak short-circuit current (ip) as (4).

iy = V2L @)
Where kappa is the peak factor, which depends on the R/X ratio of the specific network branch.

2.4.3. Dynamic motor contribution
Following IEC 60909, we incorporated the dynamic subtransient contribution of large induction motors
by replacing them at fault inception time (t = 0) with their subtransient internal impedance (ZM), as in (5).

1 Ufm
ILR/Ir  Srm

M ®)
Where I gr/Ir is the locked-rotor current ratio, UrM is the rated motor voltage, and SrM is the rated apparent
power. Incorporating this subtransient reactance into the fault loop is essential, as neglecting dynamic
contributions significantly underestimates the peak asymmetrical fault currents [21], [22].

2.4.4. Inverse-time relay operation (IEC 60255-151)
We mathematically defined the theoretical operating time (t) of our configured digital overcurrent
and earth-fault relays as (6).

k
t = TMS x ( (ms)u_l) (6)
Where time multiplier setting (TMS), | is the measured fault current, Is is the relay pick-up current setting,
and the constants k and o define the specific curvature. To successfully override transformer magnetizing
inrush currents and handle heavy motor starting transients, we applied IEC very inverse (k = 13.5, a = 1.0)
and IEC extremely inverse (k = 80.0, o = 2.0) curves. Such custom inverse-time settings are widely
recognized for maintaining tight coordination margins in industrial grids [13], [23]. We detail the
comprehensive settings for our primary protection devices in Table 2.

Table 2. Comprehensive digital relay settings and protection architecture

Relay ID Protection CT Curve type Pickup TMS/ Inst. threshold Additional settings
function ratio (IEC) (Is) time dial (1>>)
Relay 2 Phase (ANSI 51) 8000/5  Veryinv. 1.15xIn 0.25 10.0x1In (0.05 s) ANSI 87T enabled
(T2 Incomer) (%)) (slope: 25%)
Earth fault (ANSI ~ 8000/5  Extremely 0.20xIn 0.15 4.0xIn (0.05 s) -
51N) inv. (El)
Relay 4 Phase (ANSI 51) 400/5 Extremely 1.25%In 0.10 8.0xIn (0.02 s) ANSI 46 (unbalance
(motor feeder) inv. (El) 1_2>15%)
Earth fault (ANSI ~ 400/5 Extremely 0.10xIn 0.05 2.5x1n (0.02 s) -
51N) inv. (El)
Relay 7 Phase (ANSI 51) 200/5 Very inv. 1.20xIn 0.45 12.0x1In (0.10s) -
(main 33kV) ()]

2.5. Validation/evaluation strategy

We rigorously validated our proposed protection scheme using time-current characteristic (TCC)
coordination plots generated via ETAP. For our evaluation criteria, we mandated a strict CTI of 0.35 s
between downstream (primary) and upstream (backup) protection devices to ensure absolute selectivity and
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prevent cascading blackouts. Maintaining a CTI of 0.35 s aligns securely with established modern protection
standards for industrial distribution systems [24]. Furthermore, we evaluated the ultimate short-circuit
breaking capacity (lcu) of our proposed high-performance switchgear against the computed initial
symmetrical short-circuit current (1") to guarantee strict safety compliance with the IEC 60947-2 standard.

2.6. Ethical considerations

Not applicable. Our research relies entirely on the deterministic software simulation of industrial
electrical infrastructure and mathematical modeling. It does not involve human subjects, animal testing, or
sensitive privacy data.

3. RESULTS AND DISCUSSION

To ensure clarity and address the specific dynamics of the BOFALE industrial network, this section
is structured to present the simulation data objectively, followed by a detailed theoretical interpretation and a
comparison with existing literature. The simulation results, conducted using ETAP software, are illustrated in
Figures 2-7. Furthermore, the corresponding data are summarized in Tables 3-7.

3.1. Presentation of results
The simulation framework systematically evaluated the 33 kV/0.4 kV network across multiple
contingency states to quantify severe voltage sags and current surges.

3.1.1. Scenario A: Analysis of maximum fault current

Under a three-phase short circuit at the 0.4 kvV BOFALE 1 busbar, as illustrated in Figure 2, the
computed initial symmetrical RMS current (I"y) reached 96.506 kA. The corresponding asymmetrical peak
current (ip) surged to 210.59 KA. This is heavily driven by the dynamic short-circuit contribution originating
from the downstream induction motor cluster (Lump2), which is detailed in Tables 3(a) and 3(b).

3.1.2. Scenario B: Analysis of sequence impedance and ground fault behavior

A single-line-to-ground (SLG) fault simulation, shown in Figure 3, yielded an initial symmetrical
RMS current of 70.315 kA, which surprisingly exceeds the three-phase symmetrical fault current of 63.959
kA at the same location. This fault induced a severe voltage collapse, causing a 67.16% voltage sag on the 33
kV bus. The sequence impedances validating this condition are summarized in Tables 4(a) and 4(b).

3.1.3. Scenario C: Impact of reactive power compensation

This scenario investigates the sensitivity of fault current levels to secondary system configurations,
as modeled in Figure 4. Simulation results show a total magnitude fault current of 96.476 kA. Comparing this
to the reference value (96.506 kA), the variation is negligible, confirming that the integration of capacitor
banks has an imperceptible effect on the total short-circuit capacity, which is detailed in Tables 5(a) and 5(b).

Edebaye 33 kV
500 MVAsc

i #0,899 kA

Bus1 90.6 %
33kV Q

B2 #0.899 kA

33kv %0.002 KA 72,73 %

T2 T4
4000 kVA 630 kVA

BOFALE 1

0.4 kv J-

CAP1
1x0 Mvar

BOFALE2
0.4 kv %0.03 kA %0,074 kA %0.023 kA

77,87 %

96,506 kA

Cablel Cable 2 Cable 3

@ #0.03 kA #0.074 kA #0.023 kA

Lump2
3173 kVA Mtr1 Mtr 2 Mtr 3
22 kW 30 kw 22 kW

Figure 2. Short-circuit analysis of the 0.4 kV BOFALE 1 busbar: maximum contribution
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Table 3. Maximum short-circuit current contribution for the 0.4 k\vV BOFALE 1 Busbar:
(a) overall fault parameters and peak values using method C and (b) individual branch contributions
and initial symmetrical RMS currents

Parameter Value Unit Observation
Fault type 3-Phase fault - At bus BOFALE 1
(a) Nominal voltage 0.4 kV
Voltage c factor 1.05 - Maximum If
Peak value(ip 210.59 kA Method C
Steady state 71.979 kA RMS
Contribution Voltage and initial symmetrical current (RMS)
FrombusID Tobus ID %V Frombus  Real (kA) Imaginary (kA) X/Rratio Magnitude (kA)
BOFALE 1 Total 0 21.475 -94.087 4.4 96.506
(b) Bus2 BOFALE 1 72.73 11.788 -71.033 6 72.005
Lump2 BOFALE 1 105 9.686 -23.054 2.4 25.006
Busl Bus 2 90.6 0.146 -0.887 6.1 0.899
BOFALE2  Bus2 77087 0.001 -0.001 0.7 0.002

Edebaye 33 kV
500 MVAsc

0.799 kA -50.54 de
g; Sk\1/ = 83.06% 29.41 deg
Bus 2 § 0.799 KA -50.54 deg
67.16% 29.99 d
33 kv 10.799 kA -50.54 deg 10 kA O deg 6% 29.99 deg
T4
T2
4000 kVA 630 kVA
0 kA 180 deg
BOFALE 2 T
3OFALE 1 63.959 kA -80.54 deg 0% 0 deg 04KV 71.45% -0.007 deg
o _I_ 63.959 kA -80.54 deg
T
CAP1
1x1 Mvar i daa —
Lump 2
31‘;;1iVA Mtr 1 Mtr 2 Mtr 3
22 kW 30 kw 22 kW

Figure 3. Minimum short-circuit fault analysis at the 0.4 kV Bofale 1 Bushar

Table 4. Minimum short-circuit analysis and sequence impedances (0.4 kV BOFALE 1 Busbar):
(a) overall fault parameters and minimum c factor and (b) branch contributions for 3-phase and
single line-to-ground faults alongside sequence impedance components

Parameter Value Unit Observation
(a) Fault type 3-Phase/SLG - At bus BOFALE 1
Nominal voltage 04 kv
Voltage c factor 0.95 - Minimum I
Contribution 3-phase fault SLG Fault (kA) Positive & zero sequence impedances
Looking into "From Bus"
FromBusID ToBus %V 3- % Voltage at From Bus ~ Ka Symm, RMS % Impedance on 100 MVA BASE
1D From Phase Va Vb Ve SLG Fault 310 R1 X1 RO X0
Bus Fault (kA)
(b) (KA)
BOFALE 1 Total 0 63959 0 90.7 90.65 70.3 70.315 3.31E+01 1.99E+02 2.42E+01 1.45E+02
Bus 2 BOFALE 67.16 63.959 788 922 78.82 70.3 70.315* 3.31E+01 1.99E+02 2.42E+01 1.45E+02
1
Busl Bus 2 83.06 0.799 86.9 922 8749 0.51 0 1.04E+02 1.07E+01
BOFALE 2 Bus 2 7145 0 78.6 935 93.55 0 0
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Edebaye 33 kV
500 MVA sc

Bus 1 $0.898 kA =
33kV 90.62%
Line 1
12.635 km
0.06503+j0.29314 ohm/1 km
Bus 2 N/01898TKA 72.77%
77%
33kV 10.002 kA
” T4
4000 kVA 630 kVA
BOFALE 2 78.18%
0.4 kv
ag.F:tsl 06.476 kA TO.OIMKA 4 0.078 kA 40.053 kA
Cable 1 Cable 2 Cable 3
1x1 Mvar
40.044 kA T0A078 KA 0.053 kA
'-‘"“EZ Mtr 1 Mtr 2 Mtr 3
SLTIRVA 15 kW 30 kw 22kw

Figure 4. Short-circuit analysis of the 0.4 kV BOFALE 1 Busbar under asymmetrical fault conditions

Table 5. Asymmetrical short-circuit analysis for the 0.4 kV BOFALE 1 Busbar: (a) overall fault parameters
and peak values and (b) individual branch contributions and initial symmetrical currents

Parameter Value Unit Observation
Fault type 3-Phase fault - At bus BOFALE 1
@) Nominal voltage 04 kv
Voltage c factor 1.05 - Maximum If
Peak value 237.565 kA Method B
Steady state 71.932 kA RMS
Contribution Voltage and initial symmetrical current (RMS)
FrombusID TobusID %V FromBus Real (kA) Imaginary (kA) X/Rratio Magnitude (kA)
BOFALE 1 Total 0 21.471 -94.057 44 96.476
(b) Bus2 BOFALE 1 72.77 11.785 -71.003 6 71.974
Lump2 BOFALE 1 105 9.686 -23.054 24 25.006
Busl Bus 2 90.62 0.146 -0.886 6.1 0.899
BOFALE 2 Bus 2 78.18 0.001 0 0.3 0.001

3.1.4. Scenario D: Open-conductor fault analysis and voltage stability

A phase 'A' discontinuity on the 33 kV feeder, depicted in Figure 5, resulted in a 42.6% voltage
collapse on the primary bus. This propagated downstream, resulting in a secondary distribution bus voltage
of 0.243 kV (60.7% of the 0.4 kV nominal value), triggering significant negative-sequence currents across
the asynchronous motors, with operational impacts detailed in Table 6.

3.2. Analysis and interpretation

The surge of the initial symmetrical RMS current to 96.506 kA (Scenario A) holds critical
implications for facility safety. It exceeds the original 25-36 kA breaking capacity of the legacy switchgear
by nearly 300%. This mathematically confirms that the current architecture is dangerously non-compliant
with standard IEC 60909 fault tolerance thresholds [7].

Furthermore, to substantiate the fault current inversion observed in Scenario B (ls.c > I30), we must
perform a sequence-network mathematical analysis. In symmetrical component theory, the three-phase short-
circuit current depends exclusively on the positive-sequence impedance (Z1):

-Un

L = \55_21 (M
Conversely, the single-line-to-ground fault current (Is ) is a function of the positive (Z1), negative (Z), and
zero-sequence (Zo) impedances:

V3-cUp
Z1+Zy+7Z¢

(®)

lsig =
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Assuming a bolted fault and Z; = Z; for static network components, the condition for ls.c > ls¢ dictates:

ﬁ:—+‘;'0'>j§—‘f2"1=>321>221+20=>21>20 9)
As empirically proven by the ETAP sequence impedance outputs in Table IV, the zero-sequence reactance
(Xo = 145.0%) is significantly lower than the positive-sequence reactance (X1 = 199.0%). This condition (Z
> Zo) is physically fulfilled by the 4.0 MVA transformer (T2), which utilizes a Dyn11 vector group with a
solidly grounded secondary neutral. This grounding topology provides a highly conductive zero-sequence
return path, perfectly explaining the current inversion phenomenon.

Edebaye 33 kV
500 MVAsc

Busl 19.05 kv
0.111kV vd,jn
Bus 2 18.94 kV
T2 T4
4000 kVA 630 kVA
BOFALE 1 BOFALE 2 0.243 kv
1x1 Mvar Cable 1 Cable 2 Cable 3
1-3/C 16 1-3/C 25 1-3/C 16
V30.7A y 57.6A ¥ 396A
0.008 kV vd.jn 0.005 kV vd.jn 0.005 kV vd.jn
Lump2 Mtr 1 Mtr 2 Mtr 3
3173 kVA 15kw 30kw 2kw

Figure 5. ETAP single-line diagram illustrating the phase 'A" discontinue ty and
the resulting voltage imbalances

Table 6. Open-conductor asymmetry (phase A discontinuity)

Parameter Value Unit Observation/impact
Secondary distribution voltage 0.243 kv Drops to 60.7% of nominal voltage
Negative-sequence voltage (V2) >15 % High unbalance factor detected
Relay action required ANSI 46 - Mandatory to isolate motor load

3.3. Comparison with previous studies (state of the art)

The quantitative findings of this case study align tightly with recent advancements in power system
protection [12]. The severe voltage sags and coordination challenges induced by dynamic motor
contributions corroborate modern protection coordination schemes that highlight the inadequacy of
conventional steady-state analyses in industrial microgrids [14], [25]. While existing literature extensively
covers standard overcurrent coordination [15], this study provides empirical validation that solidly grounded
industrial transformers can push asymmetrical faults beyond symmetrical thresholds, a phenomenon
theoretically discussed but rarely quantified in legacy heavy-duty infrastructure optimization [19], [20].

3.4. Implications of findings and proposed
The theoretical and practical significance of these results mandates an immediate infrastructural
upgrade at the BOFALE facility [18].

3.4.1. Scenario E: Digital protection architecture

Relying on basic overcurrent elements is insufficient. The implementation of digital IEDs featuring
negative-sequence monitoring (ANSI 46) and transformer differential protection (ANSI 87T) is required to
guarantee selectivity and uninterrupted service continuity under extreme asymmetrical stresses [13], [14].
The proposed digital protection locations are illustrated in the single-line diagram of Figure 6.

Short-circuit analysis and protection coordination of a 33 kV phosphate plant ... (Cheikhani Abdel Kader)
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3.4.2. Scenario F: Protection coordination and infrastructure compliance

The operational effectiveness of the proposed scheme was validated through TCC analysis, as
shown in Figure 7. We maintained a strict CTI of 0.35 s between the upstream and downstream relays. As
detailed in Table 7, the network has been secured through the systematic replacement of non-compliant
switchgear with high-performance air circuit breakers (ACB) rated at 150 kA (Icy).

Edebaye 33 kV
500 MVAsc

Bus 1
|_J] cB1
Bus 2 Relay?
cB2 CB3
T2 T4
4000 kVA 630 kVA
CBS
cB4 —® DOFALE2
BOFALE 1 Releya
S —T— CB6 B7 B8
T
CAP1 CB7
1x1 Mvar Cable1 Cable 2 Cable 3
1-3/C16 1-3/C 25 1-3/C 16
Relay3
Relay4 Relay5 Relay6
Lump2
3173 VA Mtr 1 Mtr 2 Mtr 3

15 kw 30 kw 22 kw

Figure 6. ETAP schematic modeling the occurrence of a phase ‘A’ open-circuit condition and the
corresponding voltage asymmetry

Amps Bus 2 (Nom. kV=33, Plot Ref. kV=33)
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1K T T T T 1K
rmmmmmm e mmmmm e msmeee e —————————————mmm e
500 | H Cable 2 - T4 T2 Lump2 | 1 500
300 | Ampacity [FLA - Other 65] [FLA - Other 65] [FLA - Other 65] : 300
St Mo I B0 o SN S35 SRR S .
100 o ===
50
30
10
8 5 -
c c
o o
3 ™ 9
] 0
1k
S5 F
3
L
A F
05
o9 sl
01 F 4 .01
1 1 i 1 1 o
5 1 2 3 5 10 20 30 50 100 200 300 500 100 1K K 3K 5K 10K

Amps Bus 2 (Nom. kV=33, Plot Ref. kV=33) ETAP Star TCC

Figure 7. TCC curves

Table 7. Equipment compliance status before and after optimization

Equipment Placement k" (kA) Initial state Proposed Icu  Final state
CB1 Main Incomer 96.5 Non-compliant 150 kA Compliant
CB2 Feeder to T2 96.5 Non-compliant 150 kA Compliant
CB3 Feeder to T4 70.3 Non-compliant 100 kA Compliant

CB4 T2 Secondary 96.5 Non-compliant 150 kA Compliant
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4. CONCLUSION

In this work, a comprehensive, standard-compliant diagnostic framework was executed to evaluate the
short-circuit behavior and protection coordination of the 33 kV / 0.4 kV BOFALE industrial distribution
network. Shifting away from conventional steady-state assumptions, this study utilized ETAP software to
systematically model the system's dynamic response to maximum symmetrical faults, asymmetrical ground
faults, and open-conductor anomalies under IEC 60909 guidelines. Ultimately, a multi-layered digital protection
architecture was designed to rectify severe legacy equipment non-compliances and ensure operational safety.

The investigation yielded critical empirical insights into legacy grid vulnerabilities. First, the initial
symmetrical short-circuit current at the low-voltage bushar peaked at 96.5 kA, driven by a substantial 26% (25.0
kA) dynamic contribution from induction motors. This mathematically confirmed that the existing 25-36 kA
switchgear was critically undersized and posed a severe safety hazard. Second, sequence-network analysis proved
that the highly conductive zero-sequence path of the solidly grounded transformer induced a dangerous fault
current inversion (ISLG > I3®), pushing asymmetrical faults beyond symmetrical limits. To mitigate these extreme
electrical and thermal stresses, the deployment of 150 kA-rated breakers alongside advanced digital relays (ANSI
46, ANSI 87T) was proposed, successfully restoring a robust coordination time interval (CTI) of 0.35s.

While the study delivers a practical and replicable blueprint for upgrading heavy industrial
networks, we acknowledge its inherent limitations. As a deterministic simulation based on a specific, single-
site case study, the numerical thresholds derived are topologically dependent. Furthermore, the proposed
architecture was evaluated solely within the ETAP simulation environment; it currently lacks a comparative
sensitivity analysis across different grounding topologies and has not been validated through physical
hardware-in-the-loop (HIL) experimental testing.

To build upon this foundational case study, future research will focus on a comparative sensitivity
analysis evaluating solid grounding versus neutral grounding resistors (NGR) to optimize asymmetrical fault
mitigation. Additionally, extending this analytical framework to incorporate adaptive protection strategies via
IEC 61850 protocols and machine-learning-based fault diagnostics will be vital. Such advancements will
facilitate the transition of legacy heavy-duty industrial clusters into resilient, smart microgrids capable of
safely integrating distributed renewable energy resources.
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