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Abstract: This paper describes a power system transient stability analysis in the presence of renewable
energy sources (RESs), including wind farms and solar photovoltaic (PV) generators. The integration
impact of RESs on power system time-domain simulation and transient stability were analyzed using
the Western System Coordinating Council (WSCC) IEEE 14 bus system. Through this study, we aimed
to analyze the transient stability of an interconnected electrical network by integrating renewable
energy for critical clearing time (CCT) enhancement when a short-circuit fault appears. It is important
for a power system to remain in a state of equilibrium under normal operating conditions and reach
an acceptable state of equilibrium after having been disturbed. With this in mind, the influence of
the integration of renewable energy sources such wind turbines and PV generators in an electrical
network was envisaged in the case of transient stability. The standard test network IEEE 14 bus
was employed for the simulation using the MATLAB software, which is a dedicated tool used for
the dynamic analysis and control of electrical networks. Several scenarios that simulated transient
stability were reviewed, and an analysis was conducted, including three phases: before, during, and
after a three-phase short-circuit fault.

Keywords: power system; transient stability; renewable energy; wind farm; solar photovoltaic
(PV) generator

1. Introduction

Power system operation and control refers to the management of electricity genera-
tion, transmission, and distribution to ensure a reliable supply of energy to consumers.
It involves monitoring the system in real time, making adjustments to balance supply
and demand, and responding to disturbances or outages. The control strategies include
adjusting the generator output, changing the routing of power flows, and implementing
protective measures to maintain system stability [1]. This is critical for maintaining the
reliability and efficiency of the power grid. Furthermore, transient stability analysis in
power systems refers to the study of the system’s ability to maintain synchronism and sta-
bility following a large disturbance, such as a fault or a sudden change in load. It involves
analyzing the dynamic response of generators, loads, and other system components to
ensure that the system can quickly recover and continue to operate without losing stability.
This type of analysis is essential for preventing widespread blackouts and ensuring the
overall reliability of a power system [2].

Presently, modern power systems face many operation and control challenges due to
the integration of renewable energy technologies such as solar, wind, hydro, and geothermal
power into the existing electricity grid [3]. These clean energy sources generate electricity
without producing carbon emissions or other harmful pollutants, making them environ-
mentally friendly alternatives to traditional fossil fuels [4]. The integration of clean energy
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sources into power systems requires advanced control and management strategies to ensure
a reliable and stable supply of electricity while maximizing the use of renewable resources.
This shift towards clean energy is essential for reducing greenhouse gas emissions and mit-
igating the impacts of climate change [5]. The impact of increasing the share of renewable
energy production brings the electricity system to conditions of lower reliability, security,
and stability [6]. In this context, stability, particularly transient [7], deals with the effects of
sudden disturbances of high amplitudes and short durations, such as short-circuit faults,
disconnections of lines, production groups, sudden variations in the load, etc. System
transient stability issues range from the ability to maintain generator synchronism when
subjected to a strong disturbance to the ability to maintain an acceptable voltage profile
after having been subjected to a disturbance [8]. The determination of the critical clearing
time (CCT) constitutes an important characteristic in the operation of circuit breakers [9]. It
is of major importance to the analysis, planning, and operation of electricity networks [10].
The CCT value depends not only on the position and magnitude of the fault, but also on
the intrinsic parameters of the electrical network [11].

Enhancing power system stability with renewable energies is a crucial topic in the
current energy field [12]. Integrating renewable energy sources like wind and solar power
into the grid brings both opportunities and challenges for ensuring a stable and reliable
power system [13]. Renewable energies offer a diverse mix of energy sources, reducing
dependence on traditional fossil fuels and increasing the resilience of the grid [14]. Some
renewable sources, such as hydro and certain types of wind and solar power, can provide a
fast response and flexibility to support grid stability during fluctuations [15]. Moreover,
improving the critical clearing time for transient stability in the presence of renewable
energies is a crucial aspect of ensuring grid reliability and resilience [16]. In addition, incor-
porating energy storage systems can help mitigate fluctuations in renewable energy output
and provide additional support during transient stability events [17]. Also, deploying
FACTS devices can improve grid stability by enhancing voltage control and power flow
management, especially during transient stability challenges [18]. By focusing on these
approaches, the integration of renewable energies can be optimized while maintaining the
stability and reliability of the grid during transient stability events [19].

This paper first examines the impact of renewable energy production on a power
system’s transient stability when RESs (wind turbine, PV generator) are connected. The
main objective of this work is to analyze and compare some of the solutions to improve the
transient stability after a fault. The IEEE 14 bus was used as a test system by adding a wind
turbine and a PV generator. The IEEE 14 bus system was modeled under various scenarios.
The rest of this paper is organized as follows. Section 2 presents the power system model,
while Section 3 describes the simulation results and, finally, Section 4 brings about the
conclusion.

2. System Modeling

In this section, we describe how the IEEE 14 bus test system was modeled for the tran-
sient stability analysis of a system including wind turbines and a PV generator, as shown
in Figure 1. A three-phase short-circuit fault was considered as the system disturbance,
with the calculation of the critical clearing time (CCT) for each fault. During the simulation,
a hybrid wind–PV power generation system was installed at bus 11 and bus 12, with a
balanced three-phase short-circuit applied at bus 10.
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Figure 1. IEEE 14-bus test network.

2.1. Generator Model

The synchronous machine was connected to the grid trough a generator bus. During
transient operation, it was represented by its simple model, which consisted of an internal
voltage behind a transient reactance, as presented in Figure 2 and Equation (1).

E′ = Et + j·Xd′·Ig (1)

where
Ig: Machine current in pu;
Et: Terminal voltage at the generator node in pu;
E′: Internal voltage behind the transient reactance Xd′.
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2.2. Transformer Model

A transformer is used to raise the voltage amplitude for economical long-distance
transmission and lower the voltage for distribution to consumers, as shown in Figure 3.
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2.3. Transmission Line Model

The transmission line was modeled by a π-equivalent diagram, which consisted of
a series impedance (resistance R in series with an inductive reactance X), and a shunt
admittance, which consisted of a capacitive susceptance B (due to the capacitive effect of
the line with the Earth), in parallel with an insulating conductance G, as shown in Figure 4.
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2.4. Load Model

The load characteristics have a major influence on a system’s stability and dynamics.
The equivalent load model is shown in Figure 5 and Equation (2).

SL1 = PL1 + QL1 (2)
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2.5. Wind Power Conversion System

The mechanical power output of a wind turbine is generally described as follows [20–25]:

pw =
1
2

cp(λ, β)ρ A v3
wind (3)

where
pw: mechanical output power of the turbine (W);
cp: performance coefficient of the turbine;
λ: tip speed ratio of the rotor blade tip speed to wind speed;
β: blade pitch angle (deg);
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ρ: air density (kg/m3);
A: turbine swept area (m2);
vwind: wind speed (m/s).

2.6. Solar PV Generator Model

The energy produced by a photovoltaic generator is estimated based on the total
irradiance data on the slope, the ambient temperature, and the constructive data of the
photovoltaic modules used [20–25].

Epv = ηgeSpvPf H (4)

ηgen = η
{

1 − γ
(
TJ − 25

)}
(5)

Tc = Ta +

(
NOCT − 20

800

)
G (6)

PMPPT = NPV
G

Gré f

[
P0max + µpm

(
Tc − Tcré f

)]
= NPV Pmax (7)

where
ηge: the efficiency of the photovoltaic generator;
Spv: represents the total surface of the photovoltaic generator (m2);
Pf : module filling factor equal to 0.9;
H: solar irradiation on an inclined plane (kWh/m2·month).
The efficiency of a photovoltaic generator is determined as follows:
γ: represents the coefficient, taking into account the variation in the efficiency of the

photovoltaic module as a function of temperature, which is taken at (0.0045/◦C);
η: the reference efficiency of the photovoltaic generator;
Tc: PV module junction temperature (◦C);
Ta: ambient temperature of the location considered (◦C);
NOCT: operating temperature of PV cells under reference conditions.
The total power supplied is the following:
PMPPT : power supplied by the PV field (W);
NPV : number of modules making up the PV;
G: overall solar irradiation of the location considered (W/m2);
Gré f : 1000 (W/m2): solar irradiation under standard reference conditions;
P0 max: maximum power of the module under standard conditions (W);
µpm: coefficient of variation in power as a function of temperature;
Tc ré f : junction temperature in the reference conditions of the PV module (25 ◦C).

3. Simulation Results

In this section, the transient stability simulation results of the IEEE 14 bus test system
are presented, considering the integration of wind turbines and a PV generator. The network
consists of 20 lines, 14 buses, 2 generators, 3 synchronous compensators, and 10 loads
as shown in Figure 1. This system was simulated for stable and unstable scenarios. A
three-phase short-circuit fault was considered as the system disturbance, with a calculation
of the critical clearing time (CCT) conducted for each fault, and, the transient responses
for the voltage were presented. Table 1 summarizes the technical data of the IEEE 14 bus
system used in the simulation.

When analyzing transient stability in IEEE 14 bus power systems with renewable
energies, the calculation of the critical clearing time (CCT) is a crucial issue. The CCT
refers to the time it takes for a power system to stabilize after a disturbance, such as a fault
or the sudden loss of generation or load isolation. Also, in the case of the integration of
renewable energy sources like wind or solar power, their intermittent nature can affect the
overall system’s stability. In this context, the simulation scenarios in this section presents



Eng. Proc. 2024, 67, 42 6 of 9

the impact of wind and solar power plants on transient stability analysis before and after
integration, aiming to enhance the CCT.

Table 1. Technical data for the IEEE 14 bus.

Bus V [p.u.] Phase [rad] P Gen
[p.u.]

Q Gen
[p.u.]

P Load
[p.u.]

Q Load
[p.u.]

Bus 1 1.0625 11.9952 3.5203 −0.28197 0 0

Bus 2 1.0495 11.8729 0.4 0.9486 0.3038 0.1778

Bus3 1.0064 11.6342 0 0.59736 1.3188 0.266

Bus 4 0.97871 11.6661 0 0 0.6692 0.056

Bus 5 0.98813 11.7258 0 0 0.1064 0.0224

Bus 6 1.0619 11.5751 0 0.44433 0.1568 0.105

Bus 7 1.0233 11.5949 0 0 0 0

Bus 8 1.083 11.595 0 0.33402 0 0

Bus 9 0.99993 11.5573 0 0 0.413 0.2324

Bus 10 1.0001 11.5535 0 0 0.126 0.0812

Bus 11 1.0254 11.5615 0 0 0.049 0.0252

Bus 12 1.0379 11.5535 0 0 0.0854 0.0224

Bus 13 1.0279 11.5521 0 0 0.189 0.0812

Bus 14 0.98612 11.529 0 0 0.2086 0.07

3.1. Case 1: Without RES Integration and a Fault

In this part, the first scenario is analyzed without the integration of wind turbines, a
PV generator, and a short-circuit fault, with the aim of showing the operating behavior of a
normal network. The voltage profile results are shown in Figure 6.
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3.2. Case 2: Without RES Integration and with a Three-Phase Short-Circuit Fault

As a reference, we carried out simulations on the network above to determine the
CCT at each bus. In this case, the short-circuit fault was the base event, applied at the 1 s
timepoint. A balanced three-phase short-circuit was applied at bus 10 before the integration
of a wind turbine and a PV generator, as shown in Figure 7.
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3.3. Case 3: With RES Integration and without a Fault

In this part, we describe how a hybrid wind–PV power generation system was installed
in the IEEE 14 bus at the bus 11 and bus 12 positions. In this case, the system was simulated
without short-circuit faults. A small change was observed in the voltage profile, as shown
in Figure 8.
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3.4. Case 4: With RES Integration and a Three-Phase Short-Circuit Fault

In the simulation described in this section, we used the same source location as Case 3
and the short-circuit fault simulated at the bus 10 location. The obtained result are listed in
Figure 9.

We deduce from Figure 9 that the network is able to maintain stability during a fault.
It can be seen that there is a significant improvement in the voltage profile when a wind
farm, PV source, or both sources are integrated at the bus level, compared to the other
voltages in the initial state. RESs’ impact on the power system’s transient stability depends
on the integration rate. It can be concluded that the optimal placement of distributed
power generation units will play an increasingly important role in the future in improving
power system performance (network quality, damping and oscillation, and power flow
distribution).
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4. Conclusions

The study of transient stability is important for testing the reliability and resistivity of
the elements constituting an electrical system and providing future solutions in the event
of an electrical safety problem in the same system. Network stability is a very important
parameter. By studying this parameter, we can determine the maximum fault isolation
time and avoid network instability and its collapse (blackout). The optimal location of
renewable energy sources in electrical production influences the fault isolation time. The
results obtained show that wind farms and photovoltaic generators clearly improve the
transient stability; however, they can severely worsen the transient stability during periods
of intermittent power, with strong penetration.

In future works, the optimal placement and size of RES sources in a storage system
will be studied and applied. A comparison will be made using artificial intelligence and
nature-inspired optimization algorithms.
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