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Abstract. The move to Inverter-Based Renewable Resources (IBRs) is a challenge for power system
protection since IBRs generate much lower fault currents than traditional synchronous generators. This
compromises the operation of conventional protection relays. In order to solve this problem, the present study
employs a detailed Institute of Electrical and Electronics Engineers (IEEE) 9-bus model in Real Time
Simulation for Computer Aided Design (RSCAD) to examine the fault behaviour at four different levels of
renewable energy penetration. The investigation measures the reduction of the fault current as a result of the
gradual substitution of synchronous generation by photovoltaics. The findings enable the production of
different sets of relay settings for each case, thus assuring the correct functioning of protection coordination in
terms of reliability and selectivity. The main point is an extensive adaptive protection concept. This thoughtful
plan serves as an essential guide for the dynamic adjustment of relay settings, thus ensuring the resilience and
stability of the grid during the energy transition.
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1. Introduction

Photovoltaic (PV) generation is one of the major factors driving the rapid change in distributed power
networks. Inverter-Based Resources (IBRs) have the modularity and low emissions that PV offers, but their
growing presence has led to significant protection challenges [1]. Traditional protection was designed for
systems with synchronous generators, which have predictable fault currents regulated by the machine
impedance. PV inverters operate fundamentally differently [2]: their current-limiting controllers generate fault
currents that are significantly smaller, shorter in duration, and determined by internal algorithms. As a result of
these changed fault signatures, there are misoperations, a decrease in relay sensitivity, and an increase in
system reliability issues that have been identified by [3, 4].

The research presented here develops the hybrid RSCAD model framework that captures the dynamic
behaviour of PV-integrated systems during faults. By combining physics-based inverter models with
equivalent network representations, the study evaluates the impact of PV penetration on the short-circuit
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current magnitude, phase angle, and waveform distortion. The main contributions are the comparative

simulations and the adaptive protection concepts for the high-IBR networks.

2. System modelling and simulation framework

The chapter outlines the creation of the electromagnetic transient model for a hybrid SG-PV system in
RSCAD. For consistency, all parts were modelled on a common per-unit base. In order to depict the
changeover of the grid from synchronous to inverter-dominant conditions, three PV penetration levels (10%,
40%, 80%) were considered. The system's reaction to short-circuit faults at various locations was captured
through very detailed time-step simulations. The study used these parameters—fault current magnitude,
waveform, and phase angle behaviour—to literally measure the impact of increasing PV penetration on system
strength and protection performance.

2.1. Hybrid system configuration

Our hybrid model of IEEE 9-bus system, Figure 1, created in RSCAD, is a representative of a modern power
grid which has both conventional and renewable generation. The Synchronous Generator (SG) is the
conventional power source that stabilises the grid inherently by its rotating mass. The Photovoltaic (PV)
Inverter is a controlled current source with quick protection features. These sources are connected through
transformers, transmission lines, loads, and busbars which make up the network. All components were of the
same parameters (100 MVA, 230 kV base) to provide a uniform system representation throughout the RSCAD
simulation platform. Bus data and transmission line details are given in Table 1.
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Figure 1. Hybrid IEEE 9 bus system diagrams on RSCAD
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Table 1. Default settings of RSCAD IEEE 9 bus system

Bus Type V (pu) PG (MW) QG (MVAr) PL (MW) QL (MVAr)

1 SLACK 1.040 £0.0° 71.6 27.0 - -

2 P-V 1.025 £9.3° 163.0 6.7 - -

3 P-V 1.025 £4.7° 85.0 -10.9 - -

4 P-Q 1.026 £-2.2° - - - -

5 P-Q 0.996 £-4.0° - - 125.0 50.0

6 P-Q 1.013 £-3.7° - - 90.0 30.0

7 P-Q 1.026 £3.7° - - - -

8 P-Q 1.016 £0.7° - - 100.0 35.0

9 P-Q 1.032 £2.0° - - - -
From BUS To BUS R (pu) X (pu) B (pu)

4 5 0.0100 0.0850 0.1760

4 6 0.0170 0.0920 0.1580

5 7 0.0320 0.1610 0.3060

6 9 0.0390 0.1700 0.3580

7 8 0.0085 0.0720 0.1490

8 9 0.0119 0.1008 0.2090

After building the hybrid system, the PV penetration levels of 10%, 40%, and 80% were simulated by
varying the PV-to-SG capacity ratio. These cases cover situations from a mostly traditional grid to a scenario
where PV is the main source.

2.2. PV inverter modelling

The PV inverter's complex control system is structured through three coordinated layers in RSCAD. The outer
control loop is in charge of power setpoints, whereas the inner current control loop ensures very fast waveform
regulation. The Phase-Locked Loop (PLL) is the element that stays in exact coordination with the grid
frequency. The control system in this case is executing a current-limiting instruction that limits the output to
about 1.2 pu within a few milliseconds to the power-electronics-friendly side. We made this a controlled
current source driven by custom control logic in RSCAD with a simulation time step of 100 ps.

2.3. Fault simulation design

Through our RSCAD fault analysis, we investigated the impact of the growing PV penetration on the grid's
transient response and this was done by comparing the changes in peak current magnitude, phase-angle shift,
and recovery time from one scenario to another. The Fault Logic module was used to introduce faults at time =
0.2 seconds with an impedance of 0.01 pu and the duration varying from 0.1 to 0.15 s. The experiments were
carried out for both near-end (busbar) and far-end (line) locations and in all the cases, the time-step resolution
was 100 ps.

Four model configurations (Table 2) evaluate the effects of a different IBR penetration percentages on the
system: Case 1, a traditional system with three SGs (0% PV) creating reference fault levels; Case 2, a low
penetration, one SG replaced by PV (~22%), the start of the protection challenges; Case 3, a medium-
penetration system, two PVs (~45%), the coordination becomes difficult; Case 4, a high-penetration system,
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three PVs (~81%), showcasing the composite fault characteristics and the need for more sensitive adaptive

settings.
Table 2. Real power output value for all generators in each case
Generators Case 1 (MW) Case 2 (MW) Case 3 (MW) Case 4 (MW)
SG1 71.6 0 0 0
SG2 163 163 163 57
SG3 85 85 0 0
PV1 0 71.6 71.6 6
PV2 0 0 0 85
PV3 0 0 85 166

2.3.1. Short-circuit fault types

In RSCAD, we simulated three typical faults types to cover all the possibilities. Single-Line-to-Ground (SLG)
faults, which typically occur, are the ones that bring in zero-sequence components. Line-to-Line (LL) faults
depict the situations of moderate intensity without the participation of the ground. Three-Phase (LLL) faults
generate the harshest symmetrical conditions. Such a sequence enabled us to observe how the system behaved

at different levels of fault intensity with 100 ps time resolution.

2.3.2. Simulation parameters and assumptions

Our RSCAD simulations relied on a balanced three-phase model of the system and did not consider secondary
effects like temperature changes. A 100 ps time step, common for all, and a 0.5 s simulation window, long
enough to show the complete transient and part of the recovery, were the main features of the simulation.

The adaptive scheme revolves around four pre-configured setting groups in the P3L30 relay. The main idea
of adaptation is to gradually decrease the phase overcurrent (51) threshold as the IBR penetration increases,
thus reducing the risk of "protection blinding":

* Group 1 (0-25% IBR): Pickup set at 1.5 I line for SG-dominated grids.

* Group 2 (25-50% IBR): Pickup reduced to 1.4 I line to reflect declining fault currents.

* Group 3 (50-75% IBR): Further lowered to 1.3 I line for IBR-majority conditions.

* Group 4 (75% + IBR): Most sensitive setting at 1.2 I line, optionally combined with voltage-dependent
timing for security.

The hierarchy shown in Figure 2 effectively balances sensitivity and security as the system changes from
typical to high-renewable conditions.
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Figure 2. Proposed algorithm for adapting settings

2.3.3. Model validation

RSCAD model accuracy was confirmed in a three-stage manner. First, steady-state checks verified stable pre-
fault operation with correct voltages and power balance. Next, dynamic tests exhibited the anticipated SG
fault-current surges and the correct PV inverter current limiting. Finally, comparative validation with a pure
SG benchmark resulted in deviations of less than +5%, thus confirming that the model is appropriate for
further analysis with the 100 ps time step.

3. Fault current characteristic analysis

In this chapter, fault current characteristics at different PV penetration levels are examined through
electromagnetic transient simulations. It looks at the fault current magnitude, waveform distortion, phase angle
behaviour, and post-fault recovery. Comparing 0%, 22%, 45%, and 81% PV penetration cases, the main
differences in the system transient response due to inverter-based resources are identified.

3.1. Fault current patterns across configurations

The examination of SLG, LLG, and ABC-G faults for the four system configurations yields the same result
that the changes caused by increasing IBR penetration to the characteristics of the faults at Bus 8 and 9 are
very clear. In fact, the traditional fault current order is maintained most of the time: Three-Phase-to-Ground
(LLLG) faults are the largest, followed by Double-Line-to-Ground (LLG), with Single-Line-to-Ground (SLG)
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faults being the smallest, shown in Table 3 to 5. Nevertheless, the absolute current values and their relative
reduction differ considerably with higher IBR penetration.

Table 3. Fault currents based on phase a to ground fault
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Table 4. Fault Currents Based on Phase AB to Ground Fault
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Table 4. Continued
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Bus 8 is the one that maintains almost the same fault current that is able to go through the PV penetration
levels due to the fact that it is very close to the slack bus with the big SGs that provide a low-impedance path
and high short-circuit power, thus keeping the LLLG > LLG > SLG hierarchy intact.

At Bus 9, the change of SGs to current-limiting inverters reduces the fault current significantly, however,
the contributions of the remote slack-bus SG still make it detectable, thus protection blinding avoided, and the

relay settings can be adapted, becoming more sensitive.
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3.2. Fault voltages

The investigation of voltage changes during fault situations shows that these changes are quite different in the
case of the traditional systems and high-PV penetration systems. Voltage at both Bus 8 and Bus 9 dropped
drastically during the fault condition in all system configurations, which is evident from Table 6-8. The
intensity of the voltage depressions depended on the fault type and system strength: in Single-Line-to-Ground
(SLG) faults the voltage went down to 0.6-0.8 pu range most of the time, whereas in the case of the more
severe Three-Phase-to-Ground (LLLG) faults the voltage dropped even further to 0.15-0.3 pu.

Table 6. Bus voltage waveform during a to ground fault
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Table 7. Bus voltage waveform during AB to ground fault
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Table 7. Continued
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Table 8. Bus voltage waveform during ABC to ground fault
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