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Abstract

This study examines the impact of increasing photovoltaic (PV) penetration on the tran-
sient stability of the IEEE 9-bus power system. Synchronous machines are modeled with
standard subtransient dynamics, while PV units are represented as current-limited grid-
following inverters. Transient stability is assessed through the Critical Clearing Time (CCT)
and the post-fault dynamic behavior, obtained from time-domain simulations carried out in
MATLAB/Simulink® R2023b. Two permanent three-phase faults are considered: a primary
contingency on line 7–5 and a secondary contingency on line 9–6, introduced to assess
the robustness of the observed trends across different fault locations. The results show an
increase in CCT as PV generation progressively replaces the active power supplied by syn-
chronous machines, whose inertia is therefore maintained: from 210 ms (0% PV) to 440 ms
(25%)/1080 ms (40%) at bus 5, 410 ms (25%)/1130 ms (40%) and 290 ms (25%)/650 ms (40%)
at buses 6 and 8, respectively, demonstrating that the penetration site is a key factor for
system stability. For distributed penetration among the three buses, CCT values of 340 ms
(25%) and 1020 ms (40%) highlight the significant influence of PV placement at bus 8. The
fault on line 9–6 consistently yields higher CCT values across all scenarios, confirming the
robustness of these trends independently of fault location. Although an overall increase in
CCT was observed, higher PV penetration also led to more pronounced oscillations and
operability issues after the fault. In particular, 75% of the penetration scenarios under the
fault on line 9–6 do not meet the active power recovery requirements of IEEE 1547-2018
and IEEE 2800-2022, a result more severe than that observed for the fault on line 7–5.
These results underscore that a higher CCT does not guarantee operational compliance,
and that stability-oriented control strategies—such as grid-forming operation, fast active
power support, and dynamic voltage control—remain essential. They also suggest that
planning practices should favor interconnections electrically closer to the slack generator.
Overall, a high PV penetration level—modifying only the operating point of synchronous
machines—allows longer fault durations to be tolerated; however, appropriate siting of
PV units and the adoption of advanced inverter controls could mitigate the observed
oscillations and post-fault operability challenges.
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1. Introduction
Renewable energy sources (RESs) are integrated into conventional electrical power

systems (EPSs) to solve issues like fossil fuel shortages, rising energy demand, and en-
vironmental pollution [1]. Among the alternative RESs, solar PV systems are now a
well-established option due to their simple design and low capital and operational costs. It
is also notable that, worldwide, total PV capacity has increased at an average annual rate of
55% [2]. These factors have made PV technology an attractive option for power generation
and a central focus of ongoing research in modern power systems.

PV systems can generally be classified into two main categories, namely isolated and
connected to the grid, the latter being the ones that have been widely adopted. Although
PV renewable energy brings clear environmental advantages, its integration also alters
the operational and dynamic characteristics of electrical power systems compared to
conventional grids [3]. Unlike synchronous generators, inverter-based renewable units do
not store kinetic energy in a rotating mass and therefore cannot inherently contribute to
the inertial response of the system. Their interaction with the grid occurs through power-
electronic converters, whose current and control limitations reduce the system’s effective
inertia and weaken the synchronizing torque. As a consequence, the ability of the grid to
withstand and mitigate disturbances can be significantly affected, and the transient stability
margin may be compromised [4].

The need to integrate renewable energy sources with high penetration, driven by
the energy transition and the major advances in power electronics, has become a central
research topic due to the new grid configurations and the different responses they exhibit
under various disturbances. Numerous studies have been conducted in this field and have
highlighted both positive and negative effects associated with high PV penetration in EPSs.

In the study presented in [5], the authors reported that, due to the stochastic nature
of PV systems, issues such as voltage and frequency fluctuations, active power variations,
reactive power flow changes, and degraded system dynamics may arise as a consequence
of irradiation variations caused by the rapid and constant movement of clouds. Factors
such as the size and location of PV systems, whether they are distributed or concentrated,
the availability of sufficient reserves in the system, the displacement of conventional
generators by PV production, the reactive power compensation method, and the control
loops influence the impact of PV penetration on the EPS with respect to voltage stability,
frequency stability, and transient stability [6].

Conversely, the authors in [7] observed that high PV penetration affects the angle and
frequency stability of the transmission system. In [8], the transient stability of large-scale
PV systems integrated into the Ontario grid was examined. Their results indicate that
transient stability improves more with distributed PV penetration than with concentrated
PV. The effect of PV systems installed on residential rooftops was analyzed in [9] with
respect to the transient stability of an interconnected grid in the western United States.
The findings suggest that increasing PV penetration deteriorates transient stability due
to the reduction in system inertia; however, when faults occur in less critical locations,
transient stability can improve. Finally, the authors investigated the effect of different levels
of PV penetration on rotor angle stability in the standard IEEE 9-bus test system, described
in [10], and found that increasing PV penetration improves transient stability when the
synchronous generator is not replaced. When it is replaced, system stability decreases.
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They ultimately concluded that the key factors influencing transient stability in an EPS are
the PV penetration level, the fault clearing time, and the fault location.

In summary, this literature review shows that the behavior of the power system under
high PV penetration depends strongly on how this penetration is implemented. An im-
provement in transient stability is generally observed when the synchronous generator is
not replaced and synchronous inertia remains constant, highlighting the complexity of un-
derstanding these systems and the need for further research. Despite the variety of studies
in the field, few investigations focus on the post-fault dynamic behavior of systems, particu-
larly in scenarios where PV penetration does not reduce transient angular stability margins.
Most previous works primarily evaluate stability through indicators such as the CCT or
rotor-angle response, while less attention is given to post-fault operational performance
and compliance with modern grid-code requirements such as IEEE 1547-2018 [11] and
IEEE 2800-2022 [12]. However, an increase in CCT does not necessarily imply satisfactory
post-fault active power recovery or acceptable dynamic operability. Therefore, evaluating
both transient stability margins and post-fault dynamic behavior becomes essential for
understanding the practical implications of high PV penetration.

This article conducts simulations to evaluate the transient stability of the IEEE 9-bus
system under different levels of PV penetration. The main objective is to determine the
Critical Clearing Time (CCT), considering the geographical location of the penetrations and
the various penetration typologies. Here, penetration refers to the active power supplied
by PV systems that is incorporated into the EPS.

More specifically, the work comprises the following:

• Developing a detailed simulation model of the IEEE 9-bus system for transient stability
studies, comprising three synchronous generators and current-limited grid-following
inverters representing PV units connected at buses 5, 6, and 8. PV penetration levels
of 25% and 40% were implemented using MATLAB /Simulink® R2023b.

• Considering permanent three-phase faults on lines 7–5 and 9–6 of the grid. The com-
putation of the CCT and the analysis of the post-fault dynamic behavior were carried
out for each level of PV penetration, including both distributed and concentrated
penetration scenarios, in which the synchronous generators are not replaced (constant
synchronous inertia). The fault on line 9–6 was introduced as a secondary contingency
to assess the robustness of the observed trends across different fault locations.

The main scientific contributions of this work can be summarized as follows:

• The use of CCT as a quantitative indicator to assess the impact of high PV penetra-
tion on transient stability, allowing a systematic comparison of different penetration
levels, penetration locations, and topological configurations within a benchmark
power system.

• A detailed analysis of the influence of PV penetration location on system robustness,
identifying critical buses where PV integration leads to lower stability margins and
increased vulnerability to severe disturbances.

• An explicit investigation of post-fault operational behavior, including rotor angle
oscillations and active power recovery, enabling the assessment of system operability
with respect to technical requirements imposed by IEEE 1547-2018 and IEEE 2800-2022.

• A benchmark-based analytical methodology that highlights fundamental tran-
sient stability mechanisms under high PV penetration while intentionally isolat-
ing the effects of penetration level, location, and topology by maintaining constant
synchronous inertia.

Although the study is conducted on a reduced IEEE 9-bus benchmark system and
the results should be interpreted as indicative trends rather than directly transferable
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operational rules, the IEEE 9-bus system remains widely used in transient stability research
due to its ability to reproduce the fundamental electromechanical interactions of power
systems under controlled conditions. Its simplified structure facilitates the isolation of key
variables such as PV penetration level, penetration location, and fault contingency, while
preserving sufficient dynamic complexity for rotor-angle and post-fault response analysis.
Furthermore, its continued use in recent PV integration and inverter-based stability studies
enables direct comparison with the previous literature [10,13,14]. Therefore, the findings
provide valuable insights for power system planners and researchers, particularly regarding
the identification of critical integration scenarios and the importance of jointly considering
transient stability margins and post-fault operability when integrating large shares of
converter-based renewable generation.

2. Materials and Methods
2.1. Transient Stability Criterion

The dynamics in EPSs can be classified according to different time scales, including
electromagnetic and electromechanical dynamics, whereas steady-state represents a static
operating condition rather than a dynamic regime. Small, gradual changes in the EPS
are considered minor disturbances, and studying stability within this domain is known
as small-signal stability. Large disturbances, such as the disconnection of large loads
or generators, the rupture of transmission lines or link lines, and short circuits, relate
to the concept of transient stability, which is defined as the ability of the EPS to remain
synchronized under large disturbances. During such events, transient stability analysis
helps determine the deviation behavior of the rotor angle. If these disturbances are not
removed within a specified time, they can cause generators to lose synchronism, potentially
leading to the disconnection of the entire system.

To study transient stability, various indicators can be examined, including rotor ve-
locity deviation, rotor angle, frequency, voltage at the generator terminals, and the CCT
of faults [15]. The CCT is defined as the maximum time available to eliminate a fault
while maintaining system stability [13]. A higher CCT means more time to clear faults,
making the system safer. An important factor in stability studies is the power dynamics
over different time scales. For conventional EPSs dominated by synchronous generators,
electromechanical dynamics typically evolve over a time frame of several seconds. In
contrast, renewable energy sources interfaced through power electronic converters exhibit
faster dynamics, often occurring over shorter time scales [16]. Achieving transient stability
in an EPS requires generators to remain synchronized, keeping the stability indicators
within acceptable limits. However, the CCT value depends on factors such as genera-
tor size, inertia, dispatch conditions, line impedances, grid topology, fault location, and
other transient stability-related aspects. Additionally, weather conditions may indirectly
influence transient stability through their impact on renewable generation and load profiles.

2.2. Main Transient Stability Assessment Methods

Transient stability assessment can be conducted using different analytical approaches,
depending on the nature of the disturbance, the level of model detail, and the objectives of
the study. Classical power system literature distinguishes three main categories of methods:
time-domain simulations, eigenvalue-based (small-signal) analysis, and energy-based
approaches [17,18].

Time-domain simulation is the most widely used method for transient stability anal-
ysis under large disturbances, such as three-phase short circuits, generator outages, and
line tripping events. This approach consists of numerically solving the nonlinear swing
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equations and grid algebraic equations to directly observe rotor angle trajectories and
stability margins in the time domain [19].

Eigenvalue analysis, derived from the linearized system Jacobian matrix around an
operating point, is primarily used for small-signal stability studies. While this method
provides valuable insight into oscillatory modes, damping characteristics, and system
sensitivity, it is inherently limited to small perturbations and cannot accurately represent
nonlinear behavior under severe faults [17].

Energy-based methods, such as the transient energy function approach, evaluate
system stability by comparing the system kinetic and potential energy during a distur-
bance. These methods offer analytical insight into stability margins but require simplify-
ing assumptions and are generally less suitable for systems with complex controls and
converter-interfaced generation [18].

The main methods for assessing transient stability, their advantages and limitations
are summarized in Table 1.

In this paper, transient stability is assessed using time-domain simulation of the
nonlinear swing equation, as this approach is particularly suited for large disturbances and
allows direct evaluation of CCT and post-fault dynamic behavior.

Table 1. Comparison of main transient stability assessment methods based on classical power
system literature.

Method Main Advantages Main Limitations

Time-domain
simulation

- Captures full nonlinear system behavior
- Suitable for large disturbances
- Direct evaluation of rotor angles and CCT

- Computationally intensive
- Requires detailed system models

Eigenvalue
analysis

- Provides modal and damping information
- Computationally efficient
- Useful for control design

- Valid only for small disturbances
- Based on linearized models

Energy-based
methods

- Provides analytical insight into stability margins
- Less dependent on time-domain simulation

- Requires simplifying assumptions
- Limited applicability with complex controls

2.3. Dynamic Modeling of Synchronous Generators

After exposing the EPS to a three-phase (3ϕ) fault, the transient stability is analyzed
using the oscillation equation described in (1), which represents the classical swing equation
of a synchronous generator and governs the electromechanical dynamics of the rotor.

H
π f0

d2δ

dt2 = Pm − Pe (1)

This equation describes the balance between the mechanical power input and the
electrical power output, where any mismatch between Pm and Pe results in rotor acceleration
or deceleration. Here, H (in seconds) is the inertia constant, defined as the ratio of the
kinetic energy stored in the rotating masses of the synchronous generator at rated speed
to its rated apparent power. More specifically, H is given by the ratio between the kinetic
energy WK [MJ] at nominal speed and the machine rating SB [MVA]. f0 [Hz] is the system
frequency, δ [rad] is the rotor angular displacement, Pm [p.u.] is the mechanical power of
the prime mover, and Pe [p.u.] is the electrical power delivered. When δ is expressed in
degrees, the equation becomes:

H
180 f0

d2δ

dt2 = Pm − Pe (2)
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After the EPS experiences a disturbance, the transient stability is analyzed by solving
the nonlinear oscillation equation within 3 to 5 s (where Pe = Pm). The electrical power
produced is then calculated as:

Pe =
|E||V|

X
sin δ (3)

where E is the constant internal voltage behind the synchronous reactance (per unit), V is
the load voltage of the infinite bus (per unit), and X is the steady-state reactance between
the generator and the bus. From the curve of the angular displacement of power, shown in
Figure 1, the maximum power delivered occurs at δ = 90◦, as indicated in Equation (4).

Pmax =
|E||V|

X
(4)

Note that when δ < 90◦, the EPS is stable, while if δ > 90◦, the EPS is unstable. At
δ = 90◦, the generator is considered marginally stable, so any further increase in the angle
makes the EPS unstable.

P

δ0

Pmax

Pm

π0 δmaxπ/2

Figure 1. Power angular displacement curve for typical EPS.

The equation described in (1) allows us to study the rotor angle behavior of a single
generator; however, the system used in this research is a multi-machine system consist-
ing of three generators supplying three loads. For a multi-machine system composed
of N generators, N swing equations are defined as in Equation (5), with the electrical
power of machine i given by Equation (6). The system therefore contains N solutions
δ(t) = {δ1(t), δ2(t), δ3(t), . . . , δn(t)} that make it possible to determine the transient sta-
bility of the multi-machine system. Due to their complexity, numerical methods are often
used to solve these equations.

2Hi
ωs

d2δi
dt2 = Pmec,i − Pelec,i i = 1, 2, . . . , N (5)
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Pelec,i =
N

∑
j=1
j ̸=i

∣∣E′
i
∣∣∣∣∣E′

j

∣∣∣∣∣∣Yredu
ij

∣∣∣ cos
(
θij + δj − δi

)
(6)

2.4. Modeling of the PV Systems

A PV system consists of cells connected in series that form a module. Different models
are used for PV cells to produce accurate results [20]. Figure 2 shows the equivalent circuit
of a diode model of a PV cell.

I L V

Rs

IP

RP

ID +

_

I

Figure 2. Equivalent electrical circuit of a typical (PV) cell (single-diode model).

Applying basic electrical engineering techniques, such as Kirchhoff’s current law
(KCL) and other methods detailed in [21], the output current of the PV cell, denoted by I, is
determined as follows:

I = IL − ID − IP (7)

ID = I0

[
exp

(
V + IRs

nVT

)
− 1

]
(8)

IP =
V + IRs

RP
(9)

VT =
kTC

q
(10)

where IL is the current generated in the cell due to solar irradiance, ID is the diode cur-
rent governed by the Shockley equation shown in (8), and IP is the current representing
cell losses as expressed in (9). I0 is the diode saturation current, n is the diode ideality
factor, Rs and RP are the series and parallel resistances used in the diode equivalent cir-
cuit, respectively. VT is the thermal voltage defined in (10), k is the Boltzmann constant
(1.381 × 10−23 J/K), TC is the cell temperature, and q is the electron charge.

Therefore, Equation (7) becomes:

IM = IL − I0

[
exp

(
VM + IM NSRS

nNSVT

)
− 1

]
− VM + IM NSRS

NSRP
(11)

where VM and IM represent the module voltage and current, respectively; VM = NS × Vcell,
IM = Icell, and NS denotes the number of cells connected in series in the PV module.

In this study, uniform irradiance and a consistent temperature are assumed for all
cells in the modules and arrays. It is important to note that under fault conditions, PV
systems behave differently from synchronous generators in conventional EPSs. Due to
the presence of interface inverters that connect PV systems (which generate DC) to loads
(which require AC), their short-circuit currents are typically below 150% of the nominal
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current [22]. This is because inverters are equipped with modern protective current limiters
designed to prevent high short-circuit currents and protect semiconductor switches.

To model the PV system, PV modules—each composed of multiple PV cells—are
arranged in series and parallel to form a PV string with a nominal capacity of 6 MWp.
This configuration is capable of delivering up to 6 MVA to the 230 kV three-phase grid
through power electronic converters. To extract the maximum power from the PV array,
grid-following inverters are placed at the output of each string. A Perturbation and
Observation (P&O) algorithm is used as the direct control strategy for the maximum power
point tracking (MPPT) while operating in unity power factor mode (PF = 1) and does not
incorporate dedicated fault-reactive support or voltage-support control strategies during
disturbances. Consequently, the inverter contribution to reactive power support under
fault conditions is expected to remain limited in the present study.

This modeling choice is consistent with IEEE 1547-2018, which specifies unity power
factor as the default operating mode for distributed energy resources unless otherwise
required by the grid operator. Furthermore, IEEE 2800-2022 considers inverter-based re-
sources connected to transmission systems as operating synchronously with the bulk power
system, implicitly relying on an existing voltage and frequency reference. Accordingly, the
adopted grid-following control strategy reflects the dominant configuration currently de-
ployed in utility-scale PV plants connected to transmission grids. While advanced control
strategies such as grid-forming converters can significantly influence transient stability and
post-fault dynamics, their analysis is beyond the scope of this work and is identified as an
important direction for future research.

The DC/AC conversion is performed using a three-level Neutral Point Clamped (NPC)
voltage source converter. The switching function of the converter is implemented with
a model that is directly controlled by the reference voltage. Since the converter output
voltage is 260 V, a step-up power transformer is connected downstream to match the grid
voltage level. An RL filter is included at the converter output to ensure waveform quality
and to protect both the grid and the converter from high-frequency components.

The parameters of the PV string and converter system are listed in Table 2. Depend-
ing on the penetration level considered in the simulations, the system is duplicated and
connected in parallel to supply the required power.

Table 2. PV system parameters.

System Part Components Values

PV Array
Number of modules 14,700
Modules per string 7
Strings in parallel 2100

PV Modules

Maximum power Pmp (W) 414.801
Open-circuit voltage Voc (V) 85.3
Voltage at MPP Vmp (V) 72.9
Short-circuit current Isc (A) 6.09
Current at MPP Imp (A) 5.69
Cells per module 128

DC-Link Capacitor 1.3021 F
Voltage VDC 240 V

Filters Resistor (R) 156.06 mΩ
Inductance (L) 4.14 mH

Transformer

Rated power Pnom 6 MVA
Voltage ratio (kV) (AV/BV) Yg 230 kV/260 V D1
Rcc (p.u.) 0.0012
Xcc (p.u.) 0.03
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2.5. Description of the Proposed EPS

In this study, the IEEE 9-bus system [14] is modeled and analyzed using the
MATLAB–Simulink® R2023b environment. Its main components include: 9 buses num-
bered from 1 to 9; 3 conventional generators (G1, G2, and G3) located at buses 1, 2, and
3 respectively; 3 transformers; 6 transmission lines of 100 km each; and 3 static loads located
at buses 5, 6, and 8. The complex base power used for expressing the quantities in per unit
is set to 100 MVA.

To perform the transient stability studies, detailed data for buses, generators and lines
are required. The bus data for the test system are presented in Table 3 [10].

Table 3. Bus data of the IEEE 9-bus test System.

Bus Bus Type V (p.u.) PG (MW) QG (MVAr) PL (MW) QL (MVAr)

1 Slack 1.04 – 0 0 0
2 PV 1.025 163 0 0 0
3 PV 1.025 85 0 0 0
4 PQ 0 0 0 0 0
5 PQ 0 0 0 125 50
6 PQ 0 0 0 90 30
7 PQ 0 0 0 0 0
8 PQ 0 0 0 100 35
9 PQ 0 0 0 0 0

The slack (reference) bus has a predefined voltage magnitude and phase angle
(|V| and δ) of 1.04 p.u. and 0◦, respectively, while its active and reactive powers are
determined from the load flow analysis. The generator (PV) buses have specified voltage
magnitudes (|V|) and active power outputs (Pg), whereas the corresponding reactive
powers (Qg) and voltage angles (δ) are obtained from the load flow results. Similarly, the
remaining buses are considered as PQ (load) buses with defined real and reactive power
demands, while their voltage magnitudes (|V|) and phase angles (δ) are derived from the
same analysis. The dynamic parameters of the three synchronous generators are listed
in Table 4 and the line data are detailed in Table 5 [10]. The damping coefficients of the
synchronous generator models were set to zero (D = 0) to avoid introducing additional
damping effects that could mask the influence of PV penetration on electromechanical
oscillations and transient stability behavior. The per-unit system is based on a 100 MVA
power base.

2.6. Methodology

In this section, we present the methodological approach adopted to model and simu-
late an electric power system with two different levels of PV penetration, with the objective
of assessing its transient stability. This approach clearly defines the goals of the study, the
tools used, and the assumptions made to ensure that the simulation remains both realistic
and exploitable.

The system is modeled in MATLAB/Simulink® R2023b and is based on the IEEE 9-bus
system, which includes three conventional generators, three transformers, six transmission
lines of 100 km each, and three static loads. For the penetration levels, two scenarios are
considered, in accordance to the following classification [23,24]:

• Moderate penetration level: 25%;
• High penetration level: 40%.
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Table 4. Dynamic data of the three synchronous generators used in the IEEE 9-bus system.

Parameter G1 G2 G3

Type Synchronous Synchronous Synchronous
Operation Generator Generator Generator
Rated Power (MVA) 512 270 125
Nominal Voltage (kV) 24 18 15.5
Power Factor 0.90 0.85 0.85
H (s) 2.6312 4.1296 4.768
D (p.u./Hz) 0 0 0
ra (p.u.) 0 0 0
xd (p.u.) 1.70 1.70 1.22
xq (p.u.) 1.65 1.62 1.16
x′d (p.u.) 0.27 0.256 0.174
x′q (p.u.) 0.47 0.245 0.25
x′′d (p.u.) 0.20 0.185 0.134
x′′q (p.u.) 0.20 0.185 0.134
xc (p.u.) 0.16 0.155 0.0078
T′

d0 (s) 3.80 4.80 8.97
T′

q0 (s) 0.48 0.50 0.50

T′′
d0 (s) 0.01 0.01 0.033

T′′
q0 (s) 0.0007 0.007 0.07

S(1.0) (p.u.) 0.09 0.125 0.1026
S(1.2) (p.u.) 0.40 0.45 0.432

Table 5. Transmission line data of the IEEE 9-bus system.

Line No. From Bus To Bus R (p.u.) X (p.u.) B/2 (p.u.)

1 7 8 0.0085 0.072 0.0745
2 7 5 0.0320 0.161 0.1530
3 8 9 0.0119 0.1008 0.1045
4 5 4 0.0100 0.085 0.0880
5 6 4 0.0170 0.092 0.0790
6 9 6 0.0390 0.170 0.1790

7 (T1) 1 4 0 0.0576 0
8 (T2) 2 7 0 0.0625 0
9 (T3) 3 9 0 0.0586 0

These penetration levels were selected to reflect operating conditions increasingly
investigated in modern transmission systems undergoing large-scale renewable energy inte-
gration and growing shares of inverter-based generation. In particular, current transmission-
level planning studies face increasing concerns regarding the impact of converter-based
generation on transient stability margins, post-fault operability, and system dynamic be-
havior under high renewable penetration conditions [6–9]. The selected penetration levels
therefore provide representative scenarios for evaluating these emerging stability and
operational challenges while remaining consistent with recent transient stability studies
available in the literature [10,13,14].

PV penetration is introduced directly at the buses where loads are connected, and in
two configurations: a concentrated penetration at one of buses 5, 7, or 8, where the total
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PV power is injected at the selected bus; and a distributed penetration across the three
buses simultaneously, where the injected power is shared proportionally according to the
load distribution at each bus, following Equation (12). The conventional generators are not
replaced with smaller units under renewable energy penetration scenarios. Instead, their
operating power is reduced to prioritize renewable energy penetration. The reduction on
the PV side is also performed proportionally, following a formulation consistent with the
proportionality of the load.

PGi,new = PGi,ref −
( PGi,ref

Pt,system

)
· PPV,inj (12)

where: PGi,new is the adjusted power of generator i; PGi,ref , the power of generator i in the
reference case without PV penetration; Pt,system, the total generated power in the reference
system; and PPV,inj the total active power injected by the PV systems.

For the transient stability study, a permanent three-phase symmetrical fault is ap-
plied, as it represents the most severe type of disturbance in an electric power system [10].
A permanent fault means that the line on which the disturbance occurs is removed from
service after fault clearing. The fault location is chosen on the line closest to the largest
PV generator, since disturbances near large generators typically produce stronger effects.
Because transient stability phenomena occur over a short duration, all simulations are
performed over a 7 s window, with the fault activated at t = 1 s. The primary condi-
tions of the PV system (irradiance, temperature) are assumed to remain constant during
the simulation.

The Critical Clearing Time is used as the main indicator to determine the transient
stability of the system by analyzing the rotor angle response of the generators following the
disturbance. The CCT corresponds to the maximum duration during which a disturbance
can persist without causing loss of synchronism.

A series of simulations is performed by progressively increasing the fault duration
in 10 ms increments. The maximum fault duration that allows the system to remain
stable is considered the CCT. This resolution was considered sufficient for the comparative
evaluation of transient stability trends among the analyzed scenarios. Although a finer
resolution could slightly modify the exact CCT values, it is not expected to significantly
affect the relative stability comparisons presented in this study. An additional simulation
is carried out using a fault duration 10 ms longer than the CCT, in order to illustrate the
behavior of the unstable system. As a complementary analysis, the active power generated
by the solar system is also presented to observe the dynamic response of the different
sources before and after the system disturbance.

The different scenarios used for the study are considering a permanent three-phase
symmetrical fault on transmission line 7–5 for the different levels of PV penetration deter-
mined as percentages using Equation (13) (0%, 25%, and 40%). In each case, except for the
first, the penetration is applied in a concentrated manner near the static loads at buses 5,
6, and 8, and then distributed uniformly among these three buses. In this situation, the
distribution of PV power follows the same pattern as that of the static loads. These same
scenarios were simulated considering a permanent three-phase fault on line 9–6, which
represents a distinct electrical location within the grid, in order to assess the robustness of
the observed trends.

PV penetration level =
Renewable generation (MW)

Total demand (MW)
(13)

Tables 6 and 7 present, respectively, the simulation modes used and the active power
corresponding to the different penetration levels according to Equation (12).
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Figures 3 and 4 present, respectively, the single-line diagrams of the reference model
and the model constructed with distributed PV penetration at buses 5, 6, and 8 as
an example.

Electrical Fault

G2

G1

B-2 B-7 B-9 B-3

B-8

B-5 B-6

B-4

B-1

Load 3

Load 2Load 1

0.0085 + j0.072
100 km

0
.0

3
2

 +
 j0

.1
6

1
1

0
0

 k
m

0
.0

3
9

 +
 j0

.1
7

1
0

0
 k

m

0.0119 + j0.1008
100 km

0.01 + j0.085
100 km

0.017 + j0.092
100 km

G3j0.0625

j0.0576

j0.0586

Figure 3. Single-line diagram of the 9-bus system with the fault.
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Figure 4. Single-line diagram of the 9-bus system with the fault and PV distributed across the
three buses.
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Table 6. Simulation modes used for each scenario.

Sources Simulation Mode

Conventional generators Phasor discrete mode; Sampling time: 5.0505 × 10−3 s;
Solver: Ode1be

Conventional generators and PV
EMT (Electromagnetic Transients); Discrete mode; Sampling
time: 5.0505 × 10−4 s; Solver: ODE23tb (or Backward Euler
for higher stability).

Table 7. Active PV and adjusted conventional generation power for each penetration level.

Penetration Level %
PV

Concentrated
(MW)

PV Distributed
(N5/N6/N8)

(MW)
G1 (MW) G2 (MW) G3 (MW)

Reference case 0 – – – 163.0 85.0
Moderate 25 79.0 31.5/22.5/25.0 – 123.5 64.5
High 40 126.0 50.0/36.0/40.0 – 100.0 52.5

3. Results and Discussion
3.1. Reference Case (0% PV)

To evaluate the transient stability of the IEEE 9-bus system, a permanent three-
phase fault was applied on transmission line 7–5, following the methodology outlined
in Section 2.6. The time-domain simulation shows that, for a fault duration of 210 ms, all
three synchronous generators remain stable after the clearance of the disturbance. However,
when the fault duration is increased to 220 ms, the system is no longer able to return to a
stable post-fault operating condition.

Accordingly, the CCT of the reference case (without renewable energy penetration) is
estimated at 210 ms. This value serves as the baseline for all subsequent scenarios analyzed
in this study.

Figure 5 illustrates the rotor angle trajectories of the three generators. For a 210 ms
fault, the rotor angles reconverge within approximately three seconds after the disturbance
is cleared, indicating a stable post-fault response. In contrast, for a 220 ms fault, the
rotor angles exhibit persistent oscillations and diverge with time, demonstrating a loss of
synchronism and confirming instability.

(a) (b)

Figure 5. Rotor angle displacement of the generators: (a) stable condition and (b) unstable condition.

3.2. Impact of PV Penetration on the CCT

As described in Section 2.6, the same permanent three-phase fault is applied to the
modified power system for all PV penetration levels. Table 8 presents the CCT values
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obtained for each simulated scenario, illustrating the impact of PV penetration on the
transient stability of the system.

Table 8. Critical Clearing Time for concentrated and distributed PV at penetration levels of 25%
and 40%.

Penetration Scenario CCT (25%) [ms] CCT (40%) [ms]

PV at Bus 5 440 1080
PV at Bus 6 410 1130
PV at Bus 8 290 650
Distributed (5/6/8) 340 1020

In general, PV penetration has a positive impact on the CCT for all penetration levels
and topologies, as long as the synchronous generators remain in service and the system
inertia is preserved. The increase in CCT values is explained by the reduction in the
mechanical power supplied by each synchronous generator, which decreases the rotor
acceleration during the fault (Pm − Pe). As a result, the rotor angle δ evolves more slowly,
allowing the system to withstand longer fault durations before losing synchronism.

Although the overall effect is positive, the penetration location also plays an important
role in determining system robustness. For concentrated penetrations, PV penetration at
bus 8 consistently yields the lowest CCT values, regardless of the penetration level (see
lines 1–3 in Table 8). This can be attributed to the fact that bus 8 is electrically the farthest
from the slack bus, leading to weaker electromechanical synchronizing interactions with the
synchronous generation sources. In other words, the higher electrical distance to the slack
generator increases the sensitivity of bus 8 to rotor angle deviations during the disturbance,
thereby reducing the transient stability margin.

For distributed penetrations, the robustness of the system improves (line 4 of Table 8)
compared with the concentrated penetration at bus 8 (line 3). However, it remains lower
than the robustness obtained when PV is concentrated at buses 5 or 6 (lines 1 and 2). This
behavior can be explained by the fact that a non-negligible portion of the distributed PV
power is still injected at bus 8, which continues to weaken the global synchronizing strength
of the system, even though distribution mitigates part of the negative effect associated with
this penetration point.

The simulations also reveal that the increase in CCT between the two penetration
levels is not linear, regardless of the penetration topology. This strong variation arises
because the rotor equation described in Equation (1) does not produce a linear response
with respect to the mechanical power input. A reduction in Pm leads to a rapid decrease
in the accelerating power (Pm − Pe), which significantly modifies the stability behavior of
the machine. As a result, the system shifts into a more favorable stability region, causing a
disproportionate increase in CCT as PV penetration rises from 25% to 40%.

3.3. Post-Fault Dynamic Behavior
3.3.1. Rotor Angle Dynamics

The increase in CCT values observed in the previous section suggests a more robust
system when subjected to severe disturbances. However, the analysis of post-fault behav-
iors shows that the rotor angles exhibit oscillations of larger amplitude compared to the
reference case, and of longer duration.

These prolonged oscillations are related to the converter-based nature of PV gener-
ation, which contributes less directly to the natural electromechanical synchronization
mechanisms of the system. The more sustained oscillatory behavior observed under higher
PV penetration levels is associated with the temporary imbalance between mechanical and

https://doi.org/10.3390/electricity7020046

https://doi.org/10.3390/electricity7020046


Electricity 2026, 7, 46 15 of 25

electrical power following fault clearance, leading to more pronounced oscillatory behavior
and a delayed return toward synchronized operation.

Despite these more sustained oscillations and delayed recovery characteristics, these
cases are still considered stable. According to the literature, for small power systems such
as the IEEE 9-bus system, the rotor angles are generally expected to show a clear tendency
to return toward a synchronized trajectory within approximately 3 to 5 s following fault
clearance [19]. In the present study, this behavior is used as a complementary qualitative
indicator of acceptable post-fault dynamic recovery.

Figures 6 and 7 illustrate the stable and unstable behaviors observed across the differ-
ent simulated scenarios.

Rotor angle displacement—25% PV penetration

(a) Bus 5, stable (b) Bus 5, unstable

(c) Bus 6, stable (d) Bus 6, unstable

(e) Bus 8, stable (f) Bus 8, unstable

(g) Distributed, stable (h) Distributed, unstable

Figure 6. Rotor angle displacement of the generators for 25% PV penetration: stable (a,c,e,g) and
unstable (b,d,f,h) for concentrated and distributed penetrations.
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Rotor angle displacement—40% PV penetration

(a) Bus 5, stable (b) Bus 5, unstable

(c) Bus 6, stable (d) Bus 6, unstable

(e) Bus 8, stable (f) Bus 8, unstable

(g) Distributed, stable (h) Distributed, unstable

Figure 7. Rotor angle displacement of the generators for 40% PV penetration: stable (a,c,e,g) and
unstable (b,d,f,h) for concentrated and distributed penetrations.

3.3.2. Active Power Dynamics

The analysis of active power provides a key indicator of the system’s operational capa-
bility following a disturbance. Among the existing standards governing the interconnection
of renewable energy sources to the electric grid, IEEE 1547-2018 and IEEE 2800-2022 specify
that renewable energy sources should not disconnect unnecessarily and must support the
grid during and after a disturbance [11,12]. This section examines the obtained results to
assess compliance with these requirements. In the present study, the post-fault active power
recovery behavior is qualitatively evaluated according to the general recovery expectations
described in these standards. Table 9 summarizes the main recovery behaviors considered
in the analysis.
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Table 9. General recovery behaviors considered based on IEEE standards.

Standard Recovery Behavior Considered in This Study

IEEE 1547-2018
Recovery of active power following fault clearance and
voltage restoration.

IEEE 2800-2022
Acceptable post-fault active power restoration capability of inverter-
based resources.

25% PV Penetration

Concentrated penetrations:

• Bus 5: The active power exhibits oscillations after fault clearing and stabilizes within
approximately 2 s, meeting the normative requirements.

• Bus 6: The power also oscillates but fails to reach 90% of its nominal value within the
2 s required by the standards, representing an operability issue.

• Bus 8: The injected power stabilizes immediately after fault clearing.

In all three cases, the PV system remains connected, in accordance with LVRT require-
ments. The observed oscillations are primarily driven by the dynamics of synchronous
generators, as PV inverters operate in grid-following mode.

Distributed penetration: The active power injected at buses 5 and 6 shows behavior
similar to that of the concentrated cases. However, at bus 8, the power does not stabilize
within the required time window, also indicating a lack of operational compliance. With
two out of three sites failing to meet the requirements, the system exhibits operability
limitations for this level of distributed penetration.

40% PV Penetration

Concentrated penetrations:

• Bus 5 and Bus 6: Active power oscillates after the disturbance but stabilizes within
the required timeframe.

• Bus 8: Oscillations persist and eventually lead to loss of synchronism and disconnec-
tion, highlighting a major operability issue.

Distributed penetration: All three penetration sites exhibit non-compliant dynamic
behavior relative to the normative criteria, indicating that the system is unable to satisfy
operability requirements at this penetration level.

Figures 8 and 9 illustrate the evolution of the PV active power for all simulated cases.

Active Power Output— Concentrated PV penetrations

(a) Bus 5—25% PV (b) Bus 5—40% PV

Figure 8. Cont.
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(c) Bus 6—25% PV (d) Bus 6—40% PV

(e) Bus 8—25% PV (f) Bus 8—40% PV

Figure 8. Active power response of PV systems for concentrated penetrations under 25% and 40%
penetration levels.

Active Power Output—Distributed PV penetration

(a) Bus 5—25% Distributed (b) Bus 5—40% Distributed

(c) Bus 6—25% Distributed (d) Bus 6—40% Distributed

(e) Bus 8—25% Distributed (f) Bus 8—40% Distributed

Figure 9. Active power response of distributed PV systems for 25% and 40% penetration levels across
buses 5, 6, and 8.
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3.4. Effect of Fault Location on Transient Stability
3.4.1. Impact on CCT

Table 10 presents the CCT values obtained for a permanent three-phase fault on line
9–6, alongside those previously determined for the fault on line 7–5, for all simulated
penetration scenarios.

Table 10. Comparative Critical Clearing Time values for faults on lines 7–5 and 9–6, at PV penetration
levels of 25% and 40%.

Fault on Line 7–5 [ms] Fault on Line 9–6 [ms]

Reference Case 210 340

Penetration Scenario CCT (25%) CCT (40%) CCT (25%) CCT (40%)

PV at Bus 5 440 1080 590 1340
PV at Bus 6 410 1130 540 1200
PV at Bus 8 290 650 490 610
Distributed (5/6/8) 340 1020 580 1210

The reference case yields a higher CCT for the fault on line 9–6 (340 ms) compared
to line 7–5 (210 ms). This difference can be attributed to the electrical proximity of line
9–6 to the smallest generator in the grid (G3), which reduces the rotor acceleration during
the fault (Pm − Pe), thereby allowing the system to withstand longer fault durations before
losing synchronism.

For both penetration levels, the same trend observed in the original contingency is
confirmed: the CCT increases with rising PV penetration with respect to the reference
case, regardless of the fault location. Furthermore, for a given penetration scenario, the
system consistently exhibits higher CCT values when the fault occurs on line 9–6, indicating
greater robustness under this contingency. Nevertheless, regardless of the fault location,
PV penetration at bus 8 consistently yields the lowest CCT values among all concentrated
penetration scenarios. This confirms that bus 8 represents the most critical integration point
in the grid for transient stability, independently of the fault location considered.

3.4.2. Post-Fault Dynamic Behavior
Rotor Angle Dynamics

For the fault on line 9–6, the post-fault rotor angle dynamics are generally more
favorable from the transient stability perspective than those observed for the fault on
line 7–5. The oscillations are of smaller amplitude and damp out more rapidly across all
scenarios, consistent with the higher CCT values reported in Table 10. In all stable cases, the
rotor angles reconverge toward a synchronized trajectory within the 3 to 5 s window [19],
confirming transient stability under this contingency. This improvement is illustrated in
Figure 10, which shows the stable and unstable rotor angle trajectories for Bus 5 at 25%
PV penetration, where the reduced oscillation amplitude is clearly visible compared to the
corresponding case for the fault on line 7–5 (Figure 6).

Active Power Dynamics

Despite the improved rotor angle behavior, the active power analysis reveals signifi-
cant operability concerns. Six out of eight penetration scenarios do not meet the recovery
requirements of IEEE 1547-2018 and IEEE 2800-2022, compared to four out of eight for the
fault on line 7–5. In both penetration levels, Bus 5 remains the only compliant scenario, as
illustrated in Figure 11 for 40% PV penetration, where the active power stabilizes within
the required timeframe. In contrast, penetrations at Bus 6, Bus 8, and the distributed con-
figuration consistently fail to restore active power within the normative time window, as
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shown in Figure 11 for Bus 6 at 25% penetration. These results confirm the trend observed
for the fault on line 7–5 and highlight that a higher CCT does not guarantee operational
compliance: both transient stability margins and post-fault active power recovery must be
jointly considered when planning PV integration into the grid.

(a) (b)

Figure 10. Rotor angle displacement of the generators for 25% PV penetration under fault on line 9–6:
(a) Bus 5, stable; (b) Bus 5, unstable.

(a) (b)

Figure 11. Active power response of PV systems under fault on line 9–6: (a) Bus 5 at 40% penetration
and (b) Bus 6 at 25% penetration. The highlighted region in (b) indicates a temporary negative active
power response, meaning that power flows from the grid toward the PV system during the post-fault
recovery period, which is considered non-compliant with expected operational behavior.

4. Comparison with Related Studies
This section analyzes the key findings on transient stability in the standard IEEE 9-bus

test system (WSCC system) under high PV penetration. Inverter-based PV penetration
transforms the system dynamics, traditionally dominated by synchronous machines, and
presents a dual impact: it improves stability at moderate levels but deteriorates system
response by reducing rotational inertia when conventional synchronous generators are
displaced. However, differences in converter control strategies and dynamic modeling
approaches may also contribute to the disparities observed among previous studies.

The main conclusions are as follows:

1. Eftekharnejad et al. [9] examined the impact of high PV penetration levels (up to 50%)
on both steady-state and transient stability of a large interconnected transmission
system representing a portion of the Western U.S. interconnection. In their study,
PV systems replace a portion of conventional generation, resulting in a reduction
in system inertia. Under these conditions, the authors report both detrimental and
beneficial impacts depending on the penetration level and fault location, with higher
penetration levels generally leading to reduced CCT values and increased power
oscillations. While the influence of grid topology, fault location, and disturbance
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type on system stability is consistent with the findings of the present study, the
observed trend regarding CCT differs. This divergence is directly attributable to
the methodological difference: in the present work, synchronous generators are not
replaced, and system inertia is intentionally kept constant. Under this condition, the
reduction in mechanical power output of synchronous machines leads to an increase
in CCT, as demonstrated in Table 10. This comparison highlights that the impact
of PV penetration on transient stability is strongly conditioned by whether or not
synchronous inertia is preserved, a finding that underscores the importance of clearly
distinguishing between these two integration scenarios in power system planning.

2. Sharma et al. [13] studied the impact of PV systems on the transient stability of an elec-
tric power system using indicators such as rotor speed deviation, oscillation time, and
terminal voltage. The study considered two types of faults: line-to-ground and load
switching. Among the most important findings: (i) stability indicators (rotor speed de-
viation and oscillation duration) increase with rising PV penetration level—for 5% PV
penetration, the rotor speed deviation was 0.0035 and oscillation duration 432, while
for 42.84% penetration these values reached 0.018 and 7.5, respectively; (ii) regarding
rotor angle, transient stability decreases with increasing PV penetration, with maxi-
mum rotor angles observed at penetration levels of 14.3% and 42.84%; (iii) terminal
voltage shows considerable drops or rises as PV penetration increases, due to the
reduction in system inertia caused by the displacement of centralized generation;
and (iv) electrical frequency deviation increases with PV penetration level, due to
the reduction in stored kinetic energy as conventional generation units are reduced.
Similarly to Eftekharnejad et al. [9], the results of Sharma et al. [13] are obtained under
conditions where synchronous generators are partially replaced by PV generation,
leading to inertia reduction. This methodological difference explains the apparent
contradiction with the present study: while Sharma et al. report that the system loses
stability beyond 40% PV penetration due to inertia reduction, our results show an
increase in CCT at the same penetration level, precisely because synchronous inertia
is intentionally maintained constant. This comparison further reinforces that inertia
preservation is the key factor determining whether high PV penetration improves or
deteriorates transient stability margins.

3. Loji et al. [14] investigated the impact of increasing PV penetration on the transient
stability of the IEEE 9-bus system using DigSILENT PowerFactory, considering a three-
phase fault applied at different locations and progressively increasing PV penetration
levels up to 50%. Transient stability was assessed through the relative rotor angle
deviation with respect to the reference generator and the CCT. Among the key findings,
the authors report that the system exhibits maximum rotor angle deviations under
fault conditions, with oscillations between G2 and G3 that do not damp out, indicating
deteriorated transient stability. Furthermore, the system remains dynamically stable
for penetration levels slightly below 50% and becomes unstable beyond this threshold.
The observations regarding fault location sensitivity are consistent with the findings
of the present study: transient stability is severely affected under fault conditions
in PV-integrated grids, and the proximity of the fault to the PV source worsens
system behavior. These findings also align with the identification of Bus 8 as the
most critical integration point in the present work, as it represents the bus electrically
farthest from the slack generator, making it more sensitive to rotor angle deviations
during disturbances.

4. Kamel et al. [10] examined: (i) the effects of PV penetration levels; (ii) the location
of PV systems; (iii) the type of faults (symmetrical vs. asymmetrical, permanent vs.
temporary); and (iv) the reduction in inertia of conventional synchronous generators
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on the transient stability of the electric power system. CCT was used as the main
transient stability indicator. The key findings are as follows:

• PV location (concentrated vs. distributed): Considering a 30% PV penetration
level, the main difference between distributed and concentrated PV generation
was observed in the CCT values. The system was more stable when concentrated
PV generation was located at buses 5 and 6, compared to the distributed case, but
stability worsened when concentrated PV was located at bus 8. These results are
consistent with those obtained in the present study, confirming that distributed
PV generation is preferable as it provides stability improvement regardless of
fault location and type.

• Fault type: Kamel et al. [10] compared symmetrical and asymmetrical faults,
considering single-phase-to-ground faults. The study concludes that the system
is more stable under asymmetrical faults, even at high PV penetration levels
(30%). This is because: (i) for symmetrical (three-phase) faults, the voltages of all
three phases drop practically to zero, causing the electrical power supplied to
also drop to zero, which rapidly accelerates synchronous generators toward insta-
bility; and (ii) for asymmetrical faults, generator acceleration is lower, allowing
stabilization under certain operating conditions. These findings are consistent
with those of the present study.

• Reduction in synchronous generator inertia: The H values and rated power of
the three synchronous machines were reduced by the same percentage as the PV
penetration levels. Simulations were performed with three-phase faults on lines
5–7 and 4–5 under both distributed and concentrated PV generation. The results
confirm that inertia reduction decreases CCT values and therefore system stability.
This is consistent with the findings of the present study, where it is shown that
when a fault occurs near a low-inertia generator, the system tends to become more
unstable than when the fault occurs near a higher-inertia generator. Furthermore,
it is concluded that (i) for faults on line 5–7 and (ii) for faults on line 4–5 near bus 4,
inertia reduction decreased CCT values compared to the constant inertia case.
However, faults at this location presented higher CCT values compared to faults
of the same type on line 5–7. These results are consistent with those obtained in
the present study, as unequal inertia distribution and fault location significantly
influence the transient stability performance of electric power systems.

The main findings from the literature compared to those of the present study are
summarized in Table 11.

Table 11. Comparison of transient stability studies under PV penetration in IEEE benchmark systems.

Test Model
Penetration
Level (%)

Fault Type Fault Location Indicator Software Main Findings Ref.

IEEE
22-bus

10, 20, 30,
40 and 50

Three-
phase
fault

Buses 1569,
886/1164,
913

–

PSAT,
DSATools
(PowerTech
Labs)

PV systems present both negative
and positive impacts on transient sta-
bility, depending on the size and con-
nection type of distributed genera-
tion, as well as the type and location
of transients.

[9]

IEEE
9-bus

14.3, 28.6
and 42.85

Line-to-
ground
fault

Line 7–5

Rotor speed,
deviation,
oscillation
duration,
terminal
voltage,
frequency
deviation

DigSILENTTM

PowerFactory

The closer the fault to the PV sys-
tem, the worse the transient stabil-
ity. System stability is lost beyond
40% PV penetration due to inertia re-
duction caused by displacement of
synchronous generators.

[13]
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Table 11. Cont.

Test Model
Penetration
Level (%)

Fault Type Fault Location Indicator Software Main Findings Ref.

IEEE
9-bus

10, 40, 50,
and 100

Three-
phase
fault

Bus 5
CCT, ro-
tor angle,
deviation

DigSILENTTM

PowerFactory

Transient stability is severely affected
under fault conditions, and more
severely as the fault gets closer to
the PV source. Stability worsens as
PV penetration increases for a given
fault location.

[14]

IEEE
9-bus

10, 20
and 30

Symmetrical
and asym-
metrical

Lines 7–5
and 4-5 CCT PowerWorld®

Simulator

Higher PV penetration increases
CCT when synchronous generators
are not replaced. The system is more
stable under asymmetrical faults. In-
ertia reduction decreases CCT and
system stability.

[10]

IEEE
9-bus 25 and 40

Symmetrical
(three-
phase)

Lines 7–5
and 9–6

CCT, ro-
tor angle,
dynam-
ics, active
power
recovery

MATLAB/
Simulink®

R2023b

High PV penetration increases CCT
across all scenarios. Bus 8 is the most
critical integration point. Overall,
75% of penetration scenarios under
the secondary contingency do not
meet IEEE 1547-2018 and IEEE 2800-
2022 requirements, highlighting that
a higher CCT does not guarantee op-
erational compliance.

This
paper

5. Conclusions
This study aimed to evaluate the impact of high PV penetration on the transient

stability of the IEEE 9-bus system using MATLAB/Simulink® R2023b. The results showed
that, in terms of transient stability, PV penetration increases the CCT when synchronous
inertia remains constant. The penetration location and topology strongly influence system
robustness, with Bus 8 identified as the most critical penetration point for all penetration
levels in the analyzed IEEE 9-bus configuration.

The post-fault dynamic behavior exhibited rotor angle oscillations and, in some cases,
operability issues, particularly when the technical requirements of IEEE 1547 and IEEE 2800
were not met. These findings highlight the importance of planning strategies that consider
the PV penetration location as well as detailed post-fault behavior to ensure operational
compliance of the grid.

The analysis of a second contingency, namely a permanent three-phase fault on line 9–6,
confirmed the trends observed for the fault on line 7–5. For both penetration levels, the CCT
increases with rising PV penetration regardless of the fault location, and Bus 8 consistently
yields the lowest stability margin among all concentrated penetration scenarios. However,
the active power analysis reveals that 75% of the penetration scenarios do not meet the
recovery requirements of IEEE 1547-2018 and IEEE 2800-2022, a result more severe than
that observed for the fault on line 7–5. Although the system remains transiently stable from
the rotor angle perspective, the larger post-fault oscillations can produce significant voltage
and power fluctuations during the recovery period, affecting the ability of converter-based
generation to restore active power smoothly after fault clearance. These results demonstrate
that improved transient stability margins do not necessarily guarantee acceptable post-fault
operational behavior, highlighting the importance of jointly evaluating rotor angle stability
and active power recovery when planning the integration of PV generation into the grid.

However, this study relies on a reduced IEEE 9-bus benchmark system and exclu-
sively considers grid-following converter-based PV generation. The synchronous inertia
is intentionally kept constant in order to isolate the specific impact of PV penetration
level, location, and topology on transient stability indicators such as the CCT. Consider-
ing inertia reduction simultaneously would introduce additional coupled effects, making
it difficult to clearly attribute the observed trends to PV integration alone. However, it
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also represents an important limitation of the present study, since practical large-scale PV
integration often involves the partial replacement of synchronous generation and the asso-
ciated reduction in system inertia. Consequently, the results obtained in this work should
not be directly generalized quantitatively compared to scenarios involving simultaneous
inertia displacement.

As a result, the findings should be interpreted as indicative trends that highlight
fundamental transient stability mechanisms rather than definitive conclusions directly
applicable to large-scale transmission grids. In practical power systems, additional factors
such as grid size, heterogeneity, and advanced converter controls may further influence
system dynamics; consequently, further investigations using larger and more realistic
grids, and different fault locations, as well as temporary and unbalanced fault conditions,
are required for broader generalization. The inclusion of grid-forming converters could
also significantly modify the observed dynamic responses by improving synchronization
behavior and post-fault active power recovery under high PV penetration conditions.

Future work may include the study of hybrid PV+BESS technologies and the use of
more complex benchmark grids, such as the IEEE 14-bus and IEEE 39-bus systems, to
further evaluate transient stability behavior under high PV penetration and the influence
of critical integration locations under different network configurations.

Author Contributions: Conceptualization, M.J.P.; methodology, M.J.P.; software, M.J.P.; validation,
E.H.-M. and M.M.-M.; formal analysis, M.J.P.; investigation, M.J.P.; resources, E.H.-M., M.M.-M.,
R.I.-C. and O.A.J.S.; data curation, M.J.P.; writing—original draft preparation, M.J.P.; writing—review
and editing, E.H.-M., G.M.-R., J.S.-J. and R.I.-C.; visualization, M.J.P.; supervision, E.H.-M., M.M.-M.
and O.A.J.S.; project administration, E.H.-M. and O.A.J.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank the Instituto de Energías Renovables (IER–UNAM), especially
Omar Rodriguéz Rivera, for technical support and resources used during simulation development.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. IRENA. Renewable Power Generation Costs in 2022; International Renewable Energy Agency: Abu Dhabi, United Arab

Emirates, 2023.
2. Pessanha, J.; Melo, A.; Caldas, R.; Falcao, D. An approach for data treatment of solar PV generation. IEEE Lat. Am. Trans. 2020,

18, 1563–1571. [CrossRef]
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