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ABSTRACT 
 

  

ARTICLE INFO 

The global energy landscape is rapidly evolving towards increased reliance on renewable 
energy sources, driven by concerns over climate change and the finite nature of fossil 
fuels. However, the integration of variable and intermittent renewable energy sources 
into the electricity grid presents significant challenges to grid stability and reliability. 
This study presents a comparative analysis of Solar PV-Wind HRES Gid-Tied System and 
Solar PV-Wind-Battery HRES Gid-Tied System based on transient and steady-state stability 
analysis. The systems were simulated using the Electrical Transient Analyzer Program 
(ETAP®) and Grid-tied to an IEEE 14-bus system. For transient analysis, two common grid 
disturbances were explored, i.e., Line to Ground faults on buses and faults on the 
transmission line at different fault positions i.e., 0%, 10%, 25%, 50%, 75%, 90%, and 100% 
with a fault clearance time of 1.05 s, 1.50 s, and 2.00 s, and the fault set to occur at 
1.00 s with a simulation time of 50 s. Lastly, ANOVA analysis was performed to analyze 
the effects of fault position on a transmission line, fault clearance time, and the presence 
of a battery energy system on the system setting time after a fault occurred based on 
generator speed, voltage, and frequency. For the Solar PV-Wind HRES Gid-Tied System, 
it was established that the voltage and frequency profiles at the Bus with the fault 
dropped significantly during the fault but recovered to their pre-fault level after the fault 
was cleared for all the explored fault clearance time. However, a larger fault clearance 
time (2.00 s) had a longer settling time. Furthermore, there were statistically significant 
differences between the explored fault clearance times. For the Solar PV-Wind-Battery 
HRES Gid-Tied System, it was established that the BESS enhanced the stability and 
efficiency of an HRES with voltages ranging from 0.98772 to 1.000 p.u. Moreover, there 
was a statistically significant interaction between the effects of fault clearance time and 
battery on the settling time for voltage, frequency, and generator speed.  In comparison, 
the settling time for the Solar PV-Wind-Battery HRES Gid-Tied System was lower than 
that for the Solar PV-Wind HRES Gid-Tied System. Therefore, the battery energy system 
effectively compensates for the inherent variability of renewable energy sources 
preventing cascading failures and ensuring system robustness. 
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1. Introduction   

Currently, there has been an increase in the 
integration of large-scale renewable energy sources 
(RESs) in power systems due to climate change concerns, 
energy security, and sustainable development (IPCC, 
2018; Medina et al., 2022; Newell et al., 2021). Among 
these RESs, Solar Photovoltaic (PV) and Wind energy 
conversion systems (WECS) have emerged as prominent 
contributors to the energy mix, owing to their 
availability, declining costs, and environmentally 
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friendly attributes (Hassan et al., 2024; IRENA, 2020; 
Kabeyi & Olanrewaju, 2022). Globally, renewable 
generation capacity reached 507 GW in 2023, with Solar 
PV and WECS accounting for about 96% (Celik, 2021). 
Additionally, the renewable generation capacity is 
projected to double by 2028 to about 710 GW (Mehra et 
al., 2021). However, the integration of these variable 
and intermittent RESs into the electricity grid presents 
significant challenges to grid stability and reliability 
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(Alam et al., 2020; Basit et al., 2020; Ourahou et al., 
2020; Sinsel et al., 2020). 

The stability of a power system is its ability to 
maintain synchronous operation and deliver power to 
consumers within acceptable voltage and frequency 
limits under steady-state and transient conditions (Flynn 
et al., 2019; Machowski et al., 2020; Shair et al., 2021). 
Transient stability relates to the system's ability to 
maintain synchronism following large disturbances such 
as faults, sudden changes in load, or the loss of 
generation (Khadka et al., 2020; Shair et al., 2021). On 
the other hand, steady-state stability concerns the long-
term equilibrium of the system, ensuring that power 
flows remain balanced, and Voltage levels are within 
acceptable limits (Shair et al., 2021). Both transient and 
steady-state stability are essential for the reliable and 
efficient operation of power systems, including 
renewable energy integration (He et al., 2019). 
However, this study will focus on transient to analyze the 
system's ability to withstand and recover from 
disturbances. 

Several factors contribute to the stability challenges 
faced by solar PV-wind Grid-tie hybrid renewable energy 
systems (HRESs) (Ahmed et al., 2024). Firstly, the 
inherent variability and unpredictability of solar and 
wind resources introduce fluctuations in power output, 
leading to V and f deviations in the grid (Ahmed et al., 
2024; Bessa et al., 2019). Secondly, the dynamic 
behavior of power electronic converters used in hybrid 
system components, such as inverters and converters for 
energy storage devices, can influence system stability 
(Ahmed et al., 2024; Babu et al., 2020). Additionally, the 
interaction between renewable generation, energy 
storage, and grid-connected loads creates complex 
dynamic responses that require meticulous analysis and 
control (Pfeifer et al., 2018). 

One of the early studies on transient stability in HRES 
was conducted by Bossanyi (2003), who explored the 
impact of wind power integration on the transient 
stability of power systems and highlighted that the 
intermittent nature of WECs could exacerbate stability 
issues, particularly during severe disturbances. 
However, Xu et al. (2019) indicated that the integration 
of RESs could improve the system's transient stability, 
provided that appropriate control mechanisms were in 
place. Nevertheless, regarding RES penetration levels, 
Alsakati et al. (2021) reported on a transient stability 
assessment of the IEEE 9-Bus system integrated wind 
power system and reported that high penetration and 
location of wind energy have a destabilizing impact on 
the power system.  

More recent studies have focused on advanced 
control strategies to enhance the transient stability of 
HRES. Maaruf et al. (2022) proposed a robust sliding 
mode control strategy for both standalone and grid-
connected operation of Solar-Wind-Battery HRES. The 
study reported a significantly improved robustness and 
better power management in terms of overshoot and 
settling time with enhanced tracking capability towards 

the calculated optimal operation of the HRES under 
different external generation or load disturbances and 
internal parameter uncertainties. Additionally, Reza et 
al. (2023) and Venkatesan et al. (2024) investigated the 
use of coordinated control of battery energy storage 
systems (BESS) and flexible AC transmission systems 
(FACTS) devices in improving the transient stability of 
grid-tied HRES. The studies demonstrated that the 
coordinated control approach could effectively dampen 
oscillations and maintain synchronism during 
disturbances. Therefore, BESS plays a crucial role in 
system stability (Cifuentes et al., 2019; Farrokhabadi et 
al., 2017). 

Current studies highlight several methods to 
enhance the stability of HRES. However, many studies 
focus on either solar PV or wind systems in isolation, 
without addressing the unique challenges posed by their 
combined operation in a grid-tied configuration (Emad et 
al., 2020). The integration of these hybrid systems into 
existing power grids requires advanced modeling and 
simulation tools to accurately predict and mitigate 
stability issues. Current simulations often lack the 
necessary detail and precision to capture the dynamic 
interactions between solar PV, wind turbines, and the 
grid, leading to potential oversights in stability analysis 
(Alnawafah, 2024). Therefore, developing robust models 
that can simulate the complex behavior of hybrid 
systems under various operating conditions is essential 
for ensuring their stable integration into the power grid. 
The main objective of the project is to examine the 
transient stability of a Grid-Tie solar PV-Wind HRES. With 
the specific objectives of developing a detailed and 
accurate IEEE 14 Bus system model for efficient 
integration of the solar PV-wind hybrid system. Analyzing 
the transient stability of the hybrid grid-tie system under 
sudden changes, i.e., faults on transmission lines and 
busses.  Determining the impact of energy storage 
systems (BESS) on the stability and reliability of the grid-
tied HRESs. The study will help understand the system's 
behavior under different operating conditions and 
identify strategies to enhance system stability. 

2. Materials and Methods 

This study aims to model, simulate, and analyze the 
impact of the integration of RESs on the transient 
stability of the grid using Electrical Transient Analyzer 
Program (ETAP®) simulation software. For a comparative 
analysis, the study evaluated both Solar PV-Wind and 
Solar PV-Wind-Battery HRESs regarding the settling time 
(𝑡𝑠) for generator speed (𝐺𝑠), voltages (𝑉), and frequency 

(𝑓) under sudden changes, i.e., faults on transmission 
lines and busses (Note that all transmission lines and 
buses were faulted and analyzed in this study) under 
varying fault clearance time (𝑡𝑐𝑡). Additionally, the study 

examined the impact of the fault position (𝐹𝑝), on the 

transmission line by varying the position of the fault on 
a transmission line along its length. The research design 
flow for this introduced study is given in Fig. 1. 
Furthermore, Transient stability focuses on the system's 
ability to maintain synchronism when subjected to large 
disturbances, thus, Line-to-ground (LG) fault was 
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applied. The choice for LG was because it’s the most 
common type of system fault in power systems (Datta et 
al., 2020). 

 
Fig. 1: The research design flow 

2.1. Simulation of IEEE 14-bus System 

The simulation of the IEEE 14-bus system using 
ETAP® provided an in-depth analysis of power flow and 
stability within a standard test case for electrical power 
systems. The IEEE 14-bus system, a simplified model 
representing a portion of the American Electric Power 

(AEP) system (Midwestern U.S.), is widely used in 
academic and industry research for validating algorithms 
and methodologies in power system analysis (Do Coutto 
Filho et al., 2022). The IEEE 14-bus system was modeled 
to include 14 buses, 5 generators, 14 loads, 17 
transmission lines, and 4 transformers (Reddy et al., 
2016). The data used in modeling the IEEE 14-bus system 
is given in Table 1. 

The modeling and simulation process began with the 
drawing of the one-line diagram of the system after 
which power flow analysis was performed, i.e., Load 
Flow Analysis based on the Newton- Raphson method 
(Akram & Ann, 2015) which calculates the 𝑉 magnitudes 
and angles at each bus, as well as the power flowing 
through the transmission lines. This analysis helped to 

identify areas of potential 𝑉 instability, power losses, 
and bottlenecks in the system before the addition of 
Solar PV and WECs (stable buses far from the generators, 
Solar PVs, WECs, and BESSs resources were added). 

 
Table 1: The Simulated Solar PV-Wind grid tied System data 

Wind Turbine 

Wind turbine MW kV PF 

WTG2_13-2 20 0.575 95 
WTG2_10-2 20 0.575 95 

Solar PVs 

Solar PV Cells V(DC) Panels kW (DC) 

PV A3_3-2 60 1000 400 91.71 
PV A1_14-2 60 1000 500 113.1 

Inverters 

Inverter kW (DC) V (DC) KVA (AC) kV (AC) 

Inv1  166.7 33 150 33 
Inv2 200 33 180 33 

Batteries 

Battery Strings Plates  Cells  Capacity (AH) 

Battery_1 1 37 250 1350 
Battery_2 1 37 250 1350 

Charger inverter 

 KVA (AC) KV (AC) PF KW (DC) V (DC) 

Charger_1 5 33 85 3.83 600 
Charger_2 5 33 85 3.83 600 
Inv_1 225 33 99 250 600 
Inv_2 135 33 99 150 600 

 

2.2. Data collection 

The ETAP® simulation facilitates transient stability 
of the HRES grid-tie system. Two plausible grid 
disturbances were explored, i.e., faults on buses and 

faults on the transmission line at varying 𝐹𝑝 (0%, 10%, 

25%, 50%, 75%, 90%, and 100%). For both disturbances, 

the faults’ occurring time was set to 1.0 s while the 𝑡𝑐𝑡 
was varied incrementally, i.e., 1.05 s, 1.5 s, and 2.0 s. 
The transient stability analysis in ETAP® assesses the 
system's response to these disturbances through the 

analysis of the 𝑡𝑠. This is a time-domain simulation that 
involves solving the differential-algebraic equations 
(DAEs) that govern the system's dynamics over a short 
period, typically ranging from a few milliseconds to 
several seconds, therefore, the simulation time was set 
to 50.0 s in this study. 

Transient stability data was collected through the 
following steps. Firstly, LG fault was simulated on each 

bus, and the 𝑡𝑠 for 𝐺𝑠 (for all generators), 𝑉 (for all 

buses), and 𝑓 (for all buses) were collected for each 𝑡𝑐𝑡. 
Secondly, LG fault was simulated on each transmission 

line at different 𝐹𝑝, for each 𝐹𝑝 the 𝑡𝑠 for 𝐺𝑠 (for all 

generators), 𝑉 (for all buses), and 𝑓 (for all buses) were 

collected for each 𝑡𝑐𝑡. Lastly, the role of the energy 
storage system in enhancing transient stability was 
analyzed. All the 𝑡𝑠 was collected via the Excel data 
export option in ETAP and saved in the internal storage 
of Microsoft Windows 11 PC (intel core i5-iRISXe CPU, 4 
GHz, 16 GB (Intel, Santa Clara, CA, USA)).  

2.3. Statistical analysis 

This study aimed to analyze stability based on 𝑡𝑠 for 
Solar PV-Wind HRES and Solar PV-Wind-Battery HRES and 
provide a comparative analysis. All statistical 
computations were performed using SPSS software 
package version 25.0 (SPSS Inc., Chicago, IL, USA). 
Before the statistical analysis, the data was tested for 
normality using the Shapiro-Wilk Test of Normality 
(González-Estrada et al., 2022) to guide the choice for .
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Fig. 2: The simulated IEEE 14-bus system and Load Flow Analysis 

 

 
Fig. 3: The simulated Solar PV-Wind HRES Grid-Tied System and Load Flow Analysis 

 
parametric or non-parametric analysis as well as data 
transformation to achieve normality. This study was 

divided into two sections, firstly, for a Grid-Tied Solar 

PV-Wind HRES the aim was to examine the effect of 𝑡𝑐𝑡, 
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and 𝐹𝑝 on the 𝑡𝑠, therefore 2-way ANOVA (Somerfield et 

al., 2021a) was applied. Secondly, 3-way ANOVA 
(Somerfield et al., 2021b) was applied to determine the 

effect of 𝑡𝑐𝑡, 𝐹𝑝 and Battery on the 𝑡𝑠 of a Grid-Tied Solar 

PV-Wind-Battery HRES. Additionally, a T-Test (De 
Winter, 2019) was performed to establish if there was a  

statistically significant difference between 𝑡𝑠 of a Grid-

Tied Solar PV-Wind HRES and 𝑡𝑠 of a Grid-Tied Solar PV-
Wind-Battery HRES. 

3. Results and Discussions 

3.1. IEEE 14BUS system evaluation  

The simulation of the IEEE 14-bus system using ETAP 
software provided valuable insights into the operational 
performance and stability characteristics of a typical 
power system network under various scenarios. The 
simulated IEEE 14-bus system is given in Fig. 2. 

The load flow analysis was conducted to determine 
the steady-state operating conditions of the IEEE 14-bus 

system. The simulation results revealed the 𝑉 levels at 
each bus, the power flows along transmission lines, and 
the power losses in the network. The results indicated 

that the system operated within acceptable 𝑉 limits, 

with bus 𝑉 ranging between 0.98 p.u. and 1.00 p.u. The 
power losses were also minimal, highlighting the 
efficiency of the network under normal operating 

conditions. The bus with the lowest bus 𝑉 was Bus 10 
(0.9832 p.u.) while Bus 1, 2, and 3 had the highest bus 
voltage of 1.00 p.u. This is attributed to the busses being 
directly connected to the generator which provides a 

stable power supply and minimizes the potential for 𝑉 
fluctuations as also presented by the study by Hamzeh et 
al. (2018).  

The objective of this study was to evaluate the 
transient stability of the Solar PV-Wind HRES Grid-Tie 
System, therefore, stability analysis wasn’t conducted 
for the IEEE 14-bus System. However, several studies 
have been performed on the stability analysis for the  
IEEE 14-bus System (Hashim et al., 2012; Iyambo & 
Tzoneva, 2007; Kumar et al., 2020; Siva et al., 2020) 
under different system faults and simulation software 

The Load Flow (Power Flow) analysis is a 
fundamental step in power system studies, especially 
when integrating renewable energy sources like Solar PV 
and WEC resources. The primary goal of this analysis was 
to identify the most suitable candidate buses for 
incorporating these RESs into the grid. The criteria for 
selection focused on buses that were furthest from the 
generator but maintained a stable voltage profile, 
ensuring that the integration of RESs would enhance grid 
stability rather than compromise it i.e., Bus 10 for wind, 
Bus 12 for Solar PV, Bus 13 for wind, and Bus 14 for Solar 
PV as presented in Fig. 3. In power systems, the distance 

of a bus from the generator can significantly influence 𝑉 
stability (Hosseinzadeh et al., 2021). Buses that are 
further from the generator often experience more 

significant 𝑉 drops due to the increased impedance of 
the transmission lines (Hosseinzadeh et al., 2021; 
Petinrin & Shaabanb, 2016). However, if a bus far from 

the generator maintains a stable voltage, it suggests that 
the system at that location is resilient and can handle 
additional loads or generation without compromising 
overall stability (Blaabjerg et al., 2017; Hosseinzadeh et 
al., 2021; Ismail et al., 2020). Therefore, these buses are 
prime candidates for the integration of distributed 
generation sources such as Solar PVs and WECs. 

3.2. Solar PV-Wind HRES Grid-Tied System 

The solar PV system was connected to Bus 12 (PV 
A3_3-2) and 14 (PV A1_14-2) as presented in Fig. 3. The 
PV system was modeled with an inverter-based 
interface, equipped with a Maximum Power Point 
Tracking (MPPT) controller to optimize power output 
under varying solar irradiance conditions. Two WECS 
were connected to Bus 10 (WTG2_13-2) and 13 
(WTG2_10-2), each via a 100 MVA step-up transformer. 
Detailed specifications of the modeled components are 
given in Table 1. The wind turbine model included a 
variable-speed wind turbine coupled with a doubly-fed 
induction generator (DFIG). The control system for the 
wind turbine was modeled to regulate rotor speed and 
maintain grid stability during wind speed fluctuations. 

The load flow analysis was conducted to establish 
the operating conditions of the IEEE 14-bus system with 
the integrated HRES. The following were established: 
Firstly, the voltages at all buses were maintained within 
acceptable limits (Fig. 3), with slight variations observed 
at buses connected to the Solar PV and WECs resources 
due to their intermittent nature. The voltage at Bus 12 
and 14 (connected to the PV system) was 0.9929 p.u. and 
0.9999 p.u., respectively. While the voltage at Bus 10 
and 13 (connected to the WEC) were 0.9878 p.u. and 
0.9918 p.u., respectively. These slight variations in 
voltage are attributable to the intermittent nature of 
the PV and wind systems, which can cause fluctuations 
in power output depending on irradiation and wind speed 
environmental conditions (Shivashankar et al., 2016). 
These results are consistent with a study by Benali et al. 
(2018) who reported that 𝑉 stability can be achieved by 
PV and Wind connected to the same point of common 
coupling (PCC) with a sensitive load. Similarly, Ahmed et 
al. (2020) discussed that integrating large Solar PV and 
WECs can improve the 𝑉 profile of a power system. This 
is because these RESs can provide additional reactive 
power support, which helps in maintaining voltage levels 
within the desired range.  

Secondly, the integration of Solar PVs and WECs 
systems into the IEEE 14-bus system also resulted in 
noticeable changes in power flow patterns, particularly 
on the lines connected to Buses 10, 11, 12, 13, and 14. 
The power flows on these lines increased due to the 
additional generation from RESs but remained within the 
thermal limits of the transmission lines (Basit et al., 
2020). These changes are significant because they can 
affect the overall load distribution and efficiency of the 
power system (Das et al., 2018). The power flows on 
these lines may increase or decrease depending on the 
generation from the PVs and WECs systems at any given 
time, which can lead to congestion in some lines or 
under-utilization of others (Samakpong et al., 2022). 
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Managing these power flows is essential for optimizing 
the performance of the grid and ensuring that it can 
handle the variable nature of RESs (Abdi et al., 2017; 
Panda & Das, 2021; Reddy, 2017). 

Lastly, the integration of RESs, specifically in HRES 
has been found to result in a slight increase in total 
system losses, averaging around 0.02%. This phenomenon 
is primarily attributed to the additional reactive power 
flows introduced by the integration of RESs such as solar 
PVs and WECs systems. Reactive power, which does not 
perform useful work, can lead to increased losses in the 
system, as highlighted by (Yang et al., 2017). However, 
this increase is considered marginal, signifying that the 
overall system efficiency remains largely unaffected(Li 
et al., 2016). The minimal impact on system efficiency 
is crucial for the broader adoption of HRES (Babatunde 
et al., 2020). As the world moves towards sustainable 
energy solutions, concerns about the efficiency and 
reliability of these systems are paramount. The review 
by Roy et al. (2022) suggests that despite the slight 
increase in losses, the integration of HRES does not 
significantly compromise the system's performance. This 
outcome is particularly significant in the context of grid-
tied systems, where maintaining high efficiency is 
critical to ensuring the reliability and stability of the 

entire power network (Shair et al., 2021; Shakerighadi 

et al., 2023). Moreover, the slight increase in losses can 

be managed and mitigated through advanced control 
strategies and optimization techniques (Sarkar et al., 
2018).  

The impact of these losses can be further minimized, 
enhancing the overall performance of the system by 
fine-tuning the reactive power management and 
employing sophisticated grid management tools (Kow et 
al., 2016). This aligns with the ongoing research and 
development in the field of renewable energy, where 
the focus is not only on maximizing energy generation 
but also on optimizing system performance to ensure 
sustainability and efficiency (Abdmouleh et al., 2017; 
Amran & Muhtazaruddin, 2019; Østergaard et al., 2020; 
Potrč et al., 2021). 

3.3. Transient stability evaluation 

The transient stability analysis focused on the 
system's response to severe disturbances, i.e., LG at all 
buses and lines. The 𝑡𝑠 and system responses were 

analyzed in detail. Note that the 𝑡𝑠 is the time it takes 
for a response to stabilize within a small percentage 
(usually 5% or 2%) of its final value. For this study, the 
tolerance band was set to 2% to improve performance, 

and accuracy and reduce variability (Corneo & Jeanne, 

2009). 

 

Fig. 4: The plots for Power angle and Speed for the synchronous generators with a fault on Bus 1, (a) Speed at 𝑡𝑐𝑡 = 1.05 s, (b) Speed at tct =
1.50 s, (c) Speed at 𝑡𝑐𝑡 = 2.00 s, (d) Power angle at 𝑡𝑐𝑡 = 1.05 s, (b) Power angle at 𝑡𝑐𝑡 = 1.50 s, (c) Power angle at 𝑡𝑐𝑡 = 2.00 s. 

 
3.3.1. Fault on buses 

An LG fault was simulated on all the buses (one at a 
time) at 1.0 s and 𝑡𝑐𝑡  at 1.05 s, 1.5 s, and 2.0 s. Fig. 4 
presents the plots for the power angles and generator 
speeds against time when the LG fault was simulated in 
Bus 1. Generally, the synchronous generators in the 
system exhibited significant oscillations immediately 
after the fault. However, the system remained stable as 

the oscillations dampened. Additionally, the 𝑡𝑠 was 

directly proportional to the 𝑡𝑐𝑡.  

The response of synchronous generators to faults is 
critical in determining the overall stability of the 
system. The observation that the synchronous generators 
in the system exhibited significant oscillations 
immediately after the fault is consistent with typical 
transient responses in power systems (Xiong et al., 
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2020). These oscillations are a result of the sudden 
disturbance caused by the fault, leading to a mismatch 
between mechanical input power and electrical output 
power (Ye et al., 2016). Therefore, the system's ability 
to manage these oscillations determines whether it 
remains stable or experiences a cascading failure. 
Additionally, because the system remained stable as the 
oscillations dampened, thus, the presence of effective 
damping mechanisms, either inherent within the system 
or due to the design of controllers like Power System 
Stabilizers (PSS) or other damping control strategies 
(Meegahapola et al., 2020; Nikolaev et al., 2021; Owais 
& Iqbal, 2023). Therefore, the ability of the system to 
return to a stable operating condition without 
intervention suggests that the system has a robust design 
capable of handling such disturbances. The relationship 

between 𝑡𝑠 and 𝑡𝑐𝑡 is particularly noteworthy. 𝑡𝑐𝑡 refers 
to the duration between the occurrence of a fault and 
its isolation or clearing from the system. A direct 

proportionality between 𝑡𝑠 and 𝑡𝑐𝑡 suggests that the 

longer the fault persists, the more prolonged the 
oscillations, leading to a slower return to a stable state. 
This relationship underscores the importance of fast and 
effective protection systems in minimizing fault duration 
to ensure the system's quick recovery and stability. 
These results align with findings by Yousefian et al. 
(2017), who explored the transient stability of power 
grids integrating wind farms and synchronous 
generators. The study found that the integration of wind 
energy into the power grid introduces additional 
dynamics that can influence stability, especially during 
faults. Their research emphasized the critical role of 
system design and control in maintaining stability, even 
with the added complexity of renewable energy sources. 
The comparison with Yousefian et al. (2017) work 
highlights the relevance of considering various energy 
sources and their impact on system stability during 
transient events.

 
Fig. 5: The plots for Frequency and Voltage for the synchronous generators with a fault on Bus 1, (a) Frequency at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Frequency at 

𝑡𝑐𝑡 = 1.50 𝑠, (c) Frequency at 𝑡𝑐𝑡 = 2.00 𝑠, (d) Voltage at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Voltage at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Voltage at 𝑡𝑐𝑡 = 2.00 𝑠. 

 
Additionally, the study highlighted the critical role 

of fault dynamics on 𝑉 and 𝑓 stability in HRES. It was 
established that the voltage and frequency at the Bus 
with the fault dropped significantly during the fault but 
recovered to its pre-fault level after the fault was 
cleared. From Fig. 5 it can be observed that during a 

fault event at Bus 1, both 𝑉 and 𝑓 experienced a 
substantial drop. This drop was significant during the 
fault but showed a notable recovery to pre-fault levels 
once the fault was cleared. The observed behavior 
underscores the inherent resilience of the system, which 
is designed to restore stability after disturbances 
(Gholami et al., 2018; Yu et al., 2020). Mojallal & 

Lotfifard (2017) stated that this recovery of 𝑉 and 𝑓 
post-fault is primarily attributed to the contributions of 
the solar PV and wind systems. Therefore, renewable 

energy sources played a vital role in stabilizing the grid 
by injecting reactive power immediately after the fault 
was cleared (Morshed & Fekih, 2019). This injection of 
reactive power is crucial because it helps in maintaining 

𝑉 levels within acceptable limits, thereby facilitating 

the restoration of 𝑓 to its nominal value (Hasheminamin 
et al., 2018).  

The study further established that the extent of 𝑉 

and 𝑓 drops during the fault was significantly influenced 
by the 𝑡𝑐𝑡. A larger 𝑡𝑐𝑡 was associated with a more 

pronounced drop in both 𝑉 and 𝑓. Similarly, this finding 
is critical because it highlights the importance of rapid 
fault detection and clearance mechanisms in minimizing 
the adverse effects of faults on grid stability. The longer  
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Fig. 6: The plots for Power angle and Speed for the synchronous generators with a fault on transmission Line 1 at 50% fault position, (a) Power 

angle at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Power angle at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Power angle at 𝑡𝑐𝑡 = 2.00 𝑠, (d) Speed at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Speed at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Speed 
at 𝑡𝑐𝑡 = 2.00 𝑠 

 
the fault persists, the more severe the 𝑉 and 𝑓 
deviations, which can pose serious challenges to grid 
stability and reliability. 

The relationship between 𝑡𝑐𝑡 and the severity of 𝑉 
and 𝑓 drops can be explained by the delayed response of 
the RESs in injecting reactive power (Basit et al., 2020; 
Mlilo et al., 2021; Stanelytė & Radziukynas, 2022). 
Therefore, when the fault is cleared quickly, RESs can 
respond almost immediately, minimizing the impact on 
the grid (Basit et al., 2020). Conversely, a delayed 
clearance means that the system operates under fault 
conditions for a longer period, leading to more 
significant disruptions before stabilization efforts can 
take effect (Morshed & Fekih, 2019). 

3.3.2. Fault on Transmission Lines 
Similarly, an LG fault was simulated on all the 

transmission lines (one at a time) at 1.0 s and the fault 

was cleared at varied 𝑡𝑐𝑡 of 1.05 s, 1.5 s, and 2.0 s. 

Additionally, in the simulation the 𝐹𝑝 was varied at 

intervals from 0% to 100% of the line length. Fig. 6 
presents the plots for the power angles and generator 

speeds against time at a 𝐹𝑝 of 50%. It can be observed 

that at a 𝑡𝑐𝑡 of 1.05 s, the oscillations within the system 
are sufficiently dampened, allowing the generators to 
regain stability. This implies that a timely clearance of 
faults is critical for maintaining the operational stability 
of the system (Nsaif et al., 2021). Specifically, when 
faults are cleared within this time frame, the system's 
transient stability is preserved (James et al., 2017), and 
the oscillatory behavior of the power angles is mitigated, 
leading to a steady-state condition where the generators 
can continue functioning without being isolated from the 

grid (Meegahapola et al., 2020). However, when the 𝑡𝑐𝑡 
is extended beyond 1.05 seconds, a different dynamic 
unfolds. As depicted in Fig. 6 (e) and (f), generators 
connected to the faulted line are eventually isolated 
from the system (Nagpal & Henville, 2017). This isolation 
occurs because the extended presence of the fault leads 
to more pronounced oscillations in the system, making it 
difficult  for the generators to maintain synchrony with 
the rest of the grid (Auer et al., 2017). The instability is 
further evidenced by the power angle oscillations, which 
begin to swing between positive and negative values, as 
shown in Fig. 6 (b) and (c). These oscillations indicate a 
loss of synchronism, which is a precursor to the 
generators being disconnected from the network to 
prevent further damage or instability in the broader 
system (Sharafutdinov et al., 2018). 

The effect of 𝐹𝑝 and 𝑡𝑐𝑡 was also analyzed to 

determine the effect of the 𝐹𝑝 and 𝑡𝑐𝑡  on system stability 

based on 𝑓 and 𝑉.  From the Fig. 7 and Fig. 8, it can be 

observed that 𝐹𝑝 doesn’t have much effect on the 𝑓 and 

𝑉 profiles. Therefore, the location of the fault on a 
transmission line does not significantly alter the system's 
𝑓 and 𝑉 characteristics (Chen et al., 2016; Chen et al., 
2017).  

However, the 𝑡𝑐𝑡 had a noticeable effect. i.e., the 𝑡𝑠 
of 1.50 s and 2.00 s were longer compared to those of 
1.05 s. This indicates that the duration it takes to clear 
a fault is crucial in determining the system's ability to 
return to stable 𝑓 and 𝑉 levels. The increased 𝑡𝑠 
associated with longer fault clearance intervals suggest 
that delays in clearing faults can exacerbate instability 
and prolong the recovery process (Wang et al., 2016). 
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Fig. 7: The plots for Frequency at different 𝐹𝑝 and 𝑡𝑐𝑡 

 

3.4. Quantitative analysis  

A descriptive statistic of the entire data is given in 
Table 2 in terms of measures of central tendency and 
measures of variability (spread) in 𝑡𝑠 for 𝐺𝑠, 𝑉, and 𝑓. It 

was established that the mean  𝑡𝑠 for 𝐺𝑠 was 15.843 s 
with a median of 6.596 s ranging from 1.021 s (minimum) 

to 50.000 s (maximum). The mean  𝑡𝑠 for 𝑓 was 8.898 s 
with a median of 5.991 s ranging from 1.050 s (minimum) 

to 49.981 s (maximum). Lastly, the mean  𝑡𝑠 for 𝑉 was 
14.810 s with a median of 5.551 s ranging from 1.021 s 
(minimum) to 50.000 s (maximum). 

The Shapiro-Wilk Test of Normality revealed that the 
initial dataset was not normally distributed, which is 
crucial because many statistical analyses assume 
normality to yield valid results (Shapiro & Wilk, 1965). 
The test's outcome indicates a deviation from the normal 
distribution, as further evidenced by the positive 
skewness reported in Table 2. A positively skewed 
distribution suggests that the data has a longer tail on 
the right side, meaning that higher values are more 
spread out (Rousselet & Wilcox, 2018). Therefore, a 
logarithmic (Log) transformation was applied to the data 
(Lee, 2020).  

Table 2: The descriptive statistics of the setting time for generator speed bus frequency and bus voltage  (n = 4060). 
Descriptive statistics Speed (s) Frequency (s) Voltage (s) 

Maximum 50.000 1.050 50.000 
Minimum  1.021 49.981 1.021 
Range 48.9794 48.931 48.979 
Interquartile Range 19.030 9.170 17.010 
Median 6.596 5.991 5.551 
Skewness 1.083 2.237 1.282 
Mean 15.843 8.898 14.810 
Standard error 0.283 0.168 0.268 
Standard deviation 18.050 10.732 17.052 
Variance 325.807 115.168 290.776 
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3.4.1. Fault on buses 
For each variable, i.e., 𝑓, 𝑉, 𝑎𝑛𝑑 𝐺𝑠, the 𝑡𝑠 was 

analyzed as presented in Table 3. Firstly, a one-way 

ANOVA was conducted to examine the effect of 𝑡𝑐𝑡 on 𝑡𝑠 
of a Solar-PV-Wind HRES Grid-tied to an IEEE 14 bus 
system based on 𝑉. It was established that there was a 

statistically significant difference between 𝑡𝑐𝑡 =
1.05 𝑠, 𝑡𝑐𝑡 = 1.50 𝑠, and 𝑡𝑐𝑡 = 2.00 𝑠 groups (𝑝 <  0.05). A 
Tukey post hoc test revealed that 𝑡𝑠 was statistically 

significantly lowest for 𝑡𝑐𝑡 = 1.05 𝑠 and highest for 𝑡𝑐𝑡 =
2.00 𝑠 (𝑝 <  0.05). These results ascertain that a shorter 

𝑡𝑐𝑡 leads to faster 𝑉 stabilization, which could be 
indicative of a more robust system response to 
disturbances. However, there was no statistically 

significant difference between the 𝑡𝑐𝑡 = 1.50 𝑠, and 𝑡𝑐𝑡 =
2.00 𝑠 groups. This implies that after a certain threshold, 

increasing 𝑡𝑐𝑡 does not further delay the system's 𝑉 
response significantly.

Table 3: The statistical results of the settling time (ts) expressed in terms of mean and standard deviation 

Fault clearance time (𝒕𝒄𝒕) 𝒇 (𝒕𝒔) 𝑽 (𝒕𝒔) 𝑮𝒔 (𝒕𝒔) 

𝑡𝑐𝑡 = 1.05 𝑠 5.316 ± 0.448a 10.696 ± 0.587a 11.108± 0.549a 

𝑡𝑐𝑡 = 1.50 𝑠 7.379± 0.491b 12.526 ± 0.404b 14.256± 0.605b 
𝑡𝑐𝑡 = 2.00 𝑠 9.315 ± 0.509b 12.438 ± 0.591b 15.005± 0.628b 

a, b mean ± std within a column with no superscript in common differ significantly (𝑝 < 0.05) 

 
Secondly, a one-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡 on 𝑡𝑠 of a Solar-PV-Wind HRES 
Grid-tied to an IEEE 14 bus system based on 𝑓. Similarly, 
it was established that there was a statistically 

significant difference between 𝑡𝑐𝑡 = 1.05 𝑠, 𝑡𝑐𝑡 = 1.50 𝑠, 
and 𝑡𝑐𝑡 = 2.00 𝑠 groups (𝑝 <  0.05). A Tukey post hoc test 
revealed that 𝑡𝑠 was statistically significantly lowest for 

𝑡𝑐𝑡 = 1.05 𝑠 and highest for 𝑡𝑐𝑡 = 2.00 𝑠 (𝑝 <  0.05). 
However, there was no statistically significant 

difference between the 𝑡𝑐𝑡 = 1.50 𝑠, and 𝑡𝑐𝑡 = 2.00 𝑠 
groups. The lack of a significant difference between the 
1.50 s and 2.00 s 𝑡𝑐𝑡 groups suggest a plateau in the 

impact of 𝑡𝑐𝑡 on frequency stabilization beyond a certain 

point. The observed trend across both 𝑉 and 𝑓 analyses 
indicates that a shorter critical clearing time is generally 
associated with quicker system stabilization, which is 
crucial in maintaining grid reliability and preventing 
cascading failures (Guo et al., 2017). 

 
Fig. 8: The plots for Voltage at different 𝐹𝑝 and 𝑡𝑐𝑡 
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Lastly, a one-way ANOVA was conducted that 
examined the effect of 𝑡𝑐𝑡 on 𝑡𝑠 of a Solar-PV-Wind HRES 

Grid-tied to an IEEE 14 bus system based on 𝐺𝑠. Similarly, 
it was established that there was a statistically 
significant difference between 𝑡𝑐𝑡 = 1.05 𝑠, 𝑡𝑐𝑡 = 1.50 𝑠, 
and 𝑡𝑐𝑡 = 2.00 𝑠 groups (𝑝 <  0.05). A Tukey post hoc test 

revealed that 𝑡𝑠 was statistically significantly lowest for 

𝑡𝑐𝑡 = 1.05 𝑠 and highest for 𝑡𝑐𝑡 = 2.00 𝑠 (𝑝 <  0.05). 
However, there was no statistically significant 

difference between the 𝑡𝑐𝑡 = 1.50 𝑠, and 𝑡𝑐𝑡 = 2.00 𝑠 
groups. Generally, this consistent pattern across all the 
analyzed stability parameters underscores the critical 
role of 𝑡𝑐𝑡 in determining the dynamic performance of 

the HRES. The 𝑓, 𝑉, 𝑎𝑛𝑑 𝐺𝑠, shows that shorter 𝑡𝑐𝑡 are 
beneficial for system stability, as they reduce the 
duration of disturbances and allow the system to return 
to steady-state operation more rapidly. 

The results of these analyses indicate a clear 
relationship between 𝑡𝑐𝑡 and the stabilization times of 𝑓, 

𝑉, 𝑎𝑛𝑑 𝐺𝑠 in a Solar-PV-Wind HRES grid tied to an IEEE 14 

bus system. Across all three parameters, shorter 𝑡𝑐𝑡 
values consistently led to faster stabilization times, 
which is advantageous for maintaining system stability 
during transient disturbances. The lack of significant 

differences between 𝑡𝑐𝑡 = 1.50 𝑠, and 𝑡𝑐𝑡 = 2.00 𝑠 
suggests that while extending 𝑡𝑐𝑡 beyond 1.50 s may not 

yield further benefits in stabilization time, reducing 𝑡𝑐𝑡 
below this threshold is critical for optimal system 

performance. These findings highlight the importance of 
carefully selecting 𝑡𝑐𝑡  to ensure both the reliability and 
efficiency of hybrid renewable energy systems 
connected to the grid. 

3.4.2. Fault on Transmission Lines 
As already mentioned, the fault on the transmission 

line was varied at different 𝐹𝑝 as the fault was cleared 

at varying 𝑡𝑐𝑡 a summary of the data is given in Table 4. 

For each variable, i.e., 𝑓, 𝑉, 𝑎𝑛𝑑 𝐺𝑠, the 𝑡𝑠 was analyzed 
as presented in Table 6.  

Firstly, a two-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡 and 𝐹𝑝 on 𝑡𝑠 of a Solar-PV-

Wind HRES Grid-tied to an IEEE 14 bus system based on 

𝑉. There was a statistically significant interaction 

between the effects of 𝑡𝑐𝑡 and 𝐹𝑝 on the 𝑡𝑠of 𝑉 (𝑝 <

 0.05). thus, the combined effect of 𝑡𝑐𝑡 and 𝐹𝑝 on the 𝑡𝑠of 

𝑉 is more complex than the individual effects of these 
factors. However, there was no statistically significant 

difference in the 𝐹𝑝 on the 𝑡𝑠 of 𝑉 (𝑝 <  0.05). Indicating 

that variations in 𝐹𝑝 do not independently influence the 

𝑉 stability significantly. Additionally, there was a 
statistically significant difference in the 𝑡𝑐𝑡 on the 𝑡𝑠 of 

𝑉 (𝑝 <  0.05), with 𝑡𝑐𝑡 = 2.00 𝑠 having a significantly 

higher 𝑡𝑠 than all the other 𝑡𝑐𝑡. Therefore, a longer 
𝑡𝑐𝑡  could lead to more extended periods before 𝑉 
stability is re-established after a disturbance.

Table 4: A summary of the data on the effect of fault position (𝐹𝑝) and fault clearance time (𝑡𝑐𝑡) on settling time (𝑡𝑠) for Frequency (𝑓), voltage 

(𝑉), and generator speed (𝐺𝑠). 

𝑭𝒑 𝒕𝒄𝒕 𝒇 (𝒕𝒔)  𝑽 (𝒕𝒔)  𝑮𝒔 (𝒕𝒔) 

0% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.608 ± 0.253 1.381 ± 0.138 1.841 ± 0.218 
 𝑡𝑐𝑡 = 1.50 𝑠 11.545 ± 0.261 7.687 ± 0.193 11.738± 0.306 
 𝑡𝑐𝑡 = 2.00 𝑠 24.575 ± 0.436 12.296 ± 0.472 27.853± 0.524 

10% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.522 ± 0.245 1.489± 0.137 1.813 ± 0.204 
 𝑡𝑐𝑡 = 1.50 𝑠 14.459 ± 0.330 9.235 ± 0.175 16.132± 0.356 
 𝑡𝑐𝑡 = 2.00 𝑠 33.709 ± 0.482 18.629 ± 0.440 34.360± 0.482 

25% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.657 ± 0.259 1.496 ± 0.147 1.768± 0.197 
 𝑡𝑐𝑡 = 1.50 𝑠 17.027 ± 0.283 10.421 ± 0.246 18.801± 0.398 
 𝑡𝑐𝑡 = 2.00 𝑠 25.226 ± 0.465 21.407 ± 0.441 30.560-± 0.455 

50% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.394 ± 0.229 1.560 ± 0.150 1.832± 0.199 
 𝑡𝑐𝑡 = 1.50 𝑠 12.170 ± 0.287 8.5168 ± 0.127 12.704± 0.297 
 𝑡𝑐𝑡 = 2.00 𝑠 31.419 ± 0.458 16.619 ± 0.495 32.010± 0.502 

75% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.430 ± 0.239 1.545 ± 0.147 1.662± 0.179 

 𝑡𝑐𝑡 = 1.50 𝑠 11.987 ± 0.279 7.435 ± 0.166 12.216± 0.300 
 𝑡𝑐𝑡 = 2.00 𝑠 30.620 ± 0.456 14.874 ± 0.549 31.338± 0.534 

90% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.728 ± 0.243 1.617 ± 0.160 1.958± 0.211 
 𝑡𝑐𝑡 = 1.50 𝑠 12.388 ± 0.286 8.414 ± 0.158 13.017± 0.291 
 𝑡𝑐𝑡 = 2.00 𝑠 28.761 ± 0.508 17.772 ± 0.587 33.626± 0.554 

100% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.964 ± 0.262 1.519 ± 0.165 2.170± 0.246 
 𝑡𝑐𝑡 = 1.50 𝑠 10.639 ± 0.275 8.196 ± 0.180 11.252± 0.283 
 𝑡𝑐𝑡 = 2.00 𝑠 29.020 ± 0.497 14.490 ± 0.551 33.981± 0.538 

 

Secondly, a two-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡 and 𝐹𝑝 on the 𝑡𝑠 of a Solar-PV-

Wind HRES Grid-tied to an IEEE 14 bus system based on 
𝑓. There was a statistically significant interaction 

between the effects of 𝑡𝑐𝑡 and 𝐹𝑝 on the 𝑡𝑠 of 𝑓 (𝑝 <

 0.05). This indicates that the interaction between these 

factors critically affects how quickly the system 𝑓 
stabilizes after a disturbance. A simple main effects 
analysis showed that 𝑡𝑐𝑡 = 2.00 𝑠 had a significantly 

higher 𝑡𝑠 than 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 = 1.50 𝑠 for all 𝐹𝑝. This 

finding reinforces the notion that larger 𝑡𝑐𝑡 are 

associated with delayed stabilization across different 𝐹𝑝 

levels. Additionally, there were statistically significant 

differences between 𝐹𝑝 1 (0%) and 𝐹𝑝 2 (10%), 𝐹𝑝 3 (25%),  

𝐹𝑝 4 (50%), and 𝐹𝑝 6 (90%), between 𝐹𝑝 2(10%) and 𝐹𝑝 7 

(100%), between 𝐹𝑝 3(25%) and 𝐹𝑝 5 (75%) and 𝐹𝑝 6 (90%), 

between 𝐹𝑝 7(100%) and 𝐹𝑝 3 (25%) and 4 (50%) on the 

𝑡𝑠 of 𝑓 (𝑝 <  0.05). These differences highlight the 

influence of 𝐹𝑝 levels on 𝑓 stability, suggesting that as 

the 𝐹𝑝  level increases, the time required for the 𝑓 to 

settle also changes, although the relationship is not 
strictly linear.
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Table 5: The statistical results of the settling time (𝑡𝑠) expressed in terms of mean and standard deviation 

Fault position (𝑭𝒑) 𝒇 (𝒕𝒔) 𝑽 (𝒕𝒔) 𝑮𝒔 (𝒕𝒔) 

0% mean ± std 7.121 ± 0.468g 12.909 ± 0.491 13.811± 0.572a 
10% mean ± std 9.577 ± 0.502def 16.097 ± 0.557 17.043± 0.617b 
25% mean ± std 11.108 ± 0.530d 14.991 ± 0.531 17.069± 0.610b 
50% mean ± std 9.092 ± 0.488ad 15.641 ± 0.536 15.633± 0.586b 
75% mean ± std 8.092 ± 0.478aceg 15.317 ± 0.533 15.375± 0.598b 
90% mean ± std 9.268 ± 0.506acf 14.626 ± 0.516 16.200± 0.594b 
100% mean ± std 8.068 ± 0.494bcg 14.208 ± 0.503 15.801± 0.583b 

a, b mean ± std within a column with no superscript in common differ significantly (𝑝 < 0.05) 

 
Lastly, a two-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡 and 𝐹𝑝 on the 𝑡𝑠of a Solar-PV-

Wind HRES Grid-tied to an IEEE 14 bus system based on 
𝐺𝑠. It was established that there was a statistically 

significant interaction between the effects of 𝑡𝑐𝑡 and 𝐹𝑝 

on the 𝑡𝑠 of 𝐺𝑠 (𝑝 <  0.05). This interaction underscores 

the complex dynamics that dictate 𝐺𝑠 stability, 

influenced by both 𝑡𝑐𝑡 and 𝐹𝑝 level. Similar to the findings 

for 𝑉 and 𝑓 the simple main effects analysis showed that 

𝑡𝑐𝑡 = 2.00 𝑠 had a significantly higher 𝑡𝑠 than 𝑡𝑐𝑡 = 1.05 𝑠 

and 𝑡𝑐𝑡 = 1.50 𝑠 for all 𝐹𝑝. This consistent trend across all 

examined parameters suggests that 𝑡𝑐𝑡 of 2.00 s is 
particularly detrimental to the system's ability to quickly 

stabilize, regardless of the 𝐹𝑝 level. Moreover, there 

were statistically significant differences between 𝐹𝑝 1 

(0%) and all the other 𝐹𝑝 (𝑝 <  0.05). This finding 

indicates that any increase in 𝐹𝑝 beyond 0% significantly 

affects the time it takes for 𝐺𝑠 to stabilize, further 
emphasizing the sensitivity of the system's mechanical 

dynamics to 𝐹𝑝 levels.

 
Fig. 9: The simulated Solar PV-Wind-Battery HRES Grid-Tied System and Load Flow Analysis 

 

3.5. Solar PV-Wind-Battery HRES System 

For comparative analysis, the Solar PV-Wind-battery 
system was modeled as the battery was integrated on 
the Buses with Solar PV, i.e., Bus 12 and 14 as shown in 
Fig. 9. These Buses were selected because BESS is 
designed to manage short-term fluctuations in power 
output from renewable sources and provide support 

during disturbances (Ku & Li, 2021). The BESS was 
modeled with a charger, inverter, and Battery (Table 1). 

Similarly, the integration of the HRES into the IEEE 
14-bus system significantly altered the power flow across 
the network. The Solar PV and wind turbines were 
modeled as distributed generation sources connected to 
specific buses, while the BESS was also integrated to 
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manage the variability of renewable generation. The 
load flow results showed that the power generated by 
the PV and wind systems was effectively distributed 
across the buses, reducing the power demand on the 
conventional generators as shown in Fig.9. Therefore, 
the BESS played a crucial role in balancing the power 
flow, particularly during periods of low renewable 
generation or sudden load changes. Additionally, the 
voltage profile across the 14 buses was monitored to 
ensure that all bus voltages remained within acceptable 
limits (0.97 to 1.00 p.u.).  

The simulation results demonstrate the significant 
role of BESS in enhancing the stability and efficiency of 
a Solar PV-wind HRES. Specifically, the integration of 

BESS helps maintain a stable 𝑉 profile across the 

network, with 𝑉 ranging from 0.98772 to 1.000 p.u. This 
stability is crucial for the reliable operation of the grid, 
ensuring that voltage levels remain within acceptable 
limits, which is vital for both the protection of 
equipment and the consistent delivery of power to end-
users (Bignucolo et al., 2017). The observed stability in 
bus voltages is particularly noteworthy given the 
inherent variability of RESs such as solar and wind. These 
sources are often characterized by fluctuations in power 
generation, which can lead to voltage instability, 
especially during periods of high load or low generation 

(Petinrin & Shaabanb, 2016). The minor deviations in 𝑉 
at buses connected to renewable energy sources during 
these periods underscore the challenges posed by the 
integration of renewables (Azizipanah-Abarghooee et 
al., 2024). However, the presence of BESS mitigates 

these deviations by providing a buffer that compensates 
for the variability, thereby maintaining the overall 
voltage stability of the system (Ehsan & Yang, 2018). 
Another significant benefit of integrating BESS into the 
Solar PV-Wind hybrid system is the reduction in line 
losses. The simulation results indicate an average 
reduction of 1.25% in line losses compared to the system 
without BESS. This reduction is attributable to the 
strategic placement of distributed generation sources 
close to load centers (Sultana et al., 2016). When power 
is generated closer to where it is consumed, transmission 
losses are minimized, thereby enhancing the overall 
efficiency of the system (Prakash & Khatod, 2016; 
Sultana et al., 2016). This principle is supported by 
multiple studies, which have consistently shown that 
proximity between generation and consumption points 
leads to lower transmission losses (Abdmouleh et al., 
2017; Ehsan & Yang, 2018; Prakash & Khatod, 2016). The 
BESS further contributes to loss reduction by supplying 
power locally during peak demand periods (Abdullah et 
al., 2020). During these times, the electricity demand is 
high, which can strain the grid and lead to increased 
losses if power must be transmitted over long distances 
(Zhou et al., 2021). However, with BESS in place, power 
can be supplied locally from stored energy, reducing the 
need to draw power from distant sources (Abdullah et 
al., 2020). This localized supply not only reduces 
transmission losses but also eases the burden on the grid 
during peak periods, contributing to the overall stability 
and efficiency of the system (Abdullah et al., 2020; 
Kucevic et al., 2021; Zhou et al., 2021).

 
Fig. 10: The plots for Power angle and Speed for the synchronous generators with a fault on Bus 5, (a) Speed at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Speed at 𝑡𝑐𝑡 =

1.50 𝑠, (c) Speed at 𝑡𝑐𝑡 = 2.00 𝑠, (d) Power angle at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Power angle at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Power angle at 𝑡𝑐𝑡 = 2.00 𝑠. 

 
Generally, the integration of BESS into a Solar PV-

Wind HRES provides significant benefits in terms of 
voltage stability and loss reduction. By maintaining 
stable voltage profiles and reducing line losses, BESS 

enhances the reliability and efficiency of the system, 
making it better suited to accommodate the variable 
nature of renewable energy sources. These findings align 
with existing literature, reinforcing the importance of  
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Fig. 11: The plots for Frequency and Voltage for the synchronous generators with a fault on Bus 5, (a) Frequency at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Frequency 

at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Frequency at 𝑡𝑐𝑡 = 2.00 𝑠, (d) Voltage at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Voltage at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Voltage at 𝑡𝑐𝑡 = 2.00 𝑠. 

 
BESS in modern energy systems, particularly as the share 
of RESs continues to grow (Hidalgo-León et al., 2017). 

3.6. Transient stability analysis 

Transient stability analysis was similarly analyzed by 
simulating sudden disturbances in the system, i.e., LG 
faults. 

3.6.1. Fault on Buses 
An LG fault was simulated on all the buses (one at a 

time) at 1.0 s and the fault was cleared at 1.05 s, 1.5 s, 
and 2.0 s. From the plots for the power angles and 

generator speeds against time in Fig. 10. The results 
from the study highlight the dynamic behavior of the 
Solar PV-Wind HRES under fault conditions, with a focus 

on the 𝑉 and 𝑓 responses at different buses. The 
observed significant oscillations in the system 

immediately after a fault (oscillations when 𝑡𝑠 was larger 

were greater compared to when 𝑡𝑠 is small) are 
consistent with the findings of Taul et al. (2019), who 
noted that such oscillations are a common transient 
response in power systems. 

 
Fig. 12: The differences in the Voltage profile for Solar PV-Wind HRES and Solar PV-Wind-Battery HRES, (a) Solar PV-Wind HRES at 𝑡𝑐𝑡 = 1.05 𝑠, 

(b) Solar PV-Wind HRES at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Solar PV-Wind HRES at 𝑡𝑐𝑡 = 2.00 𝑠, (d) Solar PV-Wind-Battery HRES at 𝑡𝑐𝑡 = 1.05 𝑠, (e)Solar PV-Wind-
Battery HRES at 𝑡𝑐𝑡 = 1.50 𝑠, (f) Solar PV-Wind-Battery HRES at 𝑡𝑐𝑡 = 2.00 𝑠 
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These oscillations, while inherent in the system's 
reaction to disturbances, were found to be more 

pronounced when the 𝑡𝑠 was longer. This suggests that 
the system's ability to stabilize post-fault is contingent 
on the duration of these oscillations, which can be 
influenced by various factors, including the system's 
configuration and the fault clearance time (Awelewa, 

2016; Machowski et al., 2020). During the fault, the 𝑉 
and 𝑓 at the bus where the fault occurred dropped 
sharply, as expected. This transient response is a typical 
indication of the system's inability to maintain stability 
during a fault (Bhui & Senroy, 2016). However, once the 
fault was cleared, both 𝑉 and 𝑓 recovered to their pre-
fault levels, as shown in Fig. 11, with the fault at Bus 5. 
This recovery process is crucial, as it demonstrates the 
system's resilience and ability to return to steady-state 
operation after a disturbance (Cassottana et al., 2019). 

The analysis further revealed that the extent of 𝑉 and 𝑓 

drops was directly related to the 𝑡𝑐𝑡. Faster 𝑡𝑐𝑡  generally 

led to smaller deviations from the nominal values, which 
underscores the importance of quick fault detection and 
clearance mechanisms in maintaining system stability. 

Moreover, a comparative analysis between Solar PV-
Wind HRES and Solar PV-Wind-Battery HRES with a fault 
at Bus 1 revealed a notable difference in the post-fault 
behavior. The Solar PV-Wind-Battery HRES system 
exhibited quicker damping of 𝑉 oscillations compared to 
the Solar PV-Wind HRES system, as depicted in Fig. 12. 
This indicates that the inclusion of a BESS in the hybrid 
system enhances the system's stability by providing 
additional support during and after the fault, thus 
reducing the severity and duration of oscillations (Hasan 
& Chowdhury, 2023). These results highlight the critical 

role of 𝑡𝑐𝑡 and system configuration in determining the 
stability and resilience of HRES. The inclusion of a BESS 
in the HRES configuration appears to offer significant 
advantages in dampening post-fault oscillations, thereby 
enhancing overall system performance.

 
Fig. 13: The plots for Power angle and Speed for the synchronous generators with a fault on transmission Line 4 at 90% fault position, (a) Power 
angle at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Power angle at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Power angle at 𝑡𝑐𝑡 = 2.00 𝑠, (d) Speed at 𝑡𝑐𝑡 = 1.05 𝑠, (b) Speed at 𝑡𝑐𝑡 = 1.50 𝑠, (c) Speed 

at 𝑡𝑐𝑡 = 2.00 𝑠. 

 
3.6.2. Fault on Transmission Lines 

Based on a similar analysis as the solar PV-Wind HRES 
system, Fig. 13 presents the plots for the power angles 

and generator speeds against time at a 𝐹𝑝 of 90% on fault 

at Line 5. In analyzing the transient stability of a Solar 
PV-Wind HRES connected to a grid, the study provides 

crucial insights into the impact of 𝑡𝑐𝑡 and 𝐹𝑝 on system 

stability. Specifically, the observations at a 𝑡𝑐𝑡 of 1.05 s 
indicated that the system's oscillations dampened 
effectively, leading to stability for the connected 
generators. This implies that the generators could 
maintain synchronous operation, recovering from 
disturbances swiftly without losing synchronization, 
which is crucial for the continuous operation of the 

power system (Cheema, 2020). The dampening of 
oscillations is indicative of effective fault clearing within 
a time frame that allows the generators to stabilize 
(Xiong et al., 2020). 

However, when the 𝑡𝑐𝑡 is extended beyond 1.50 s, 
the connected generators experience isolation, leading 

to a shutdown. This indicates that the 𝑡𝑐𝑡 is a critical 
parameter in ensuring system stability. If the fault 
persists too long, it can lead to a situation where the 
generators can no longer maintain synchronous 
operation, ultimately leading to their disconnection 
from the grid (Yaghobi, 2018). This shutdown scenario 
highlights the importance of prompt fault-clearing 
mechanisms to prevent widespread instability in the grid 
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(Mastoi et al., 2023). The study further examines the 

impact of 𝐹𝑝 on system stability, particularly focusing on 

𝑓 and 𝑉 as key indicators. From the results presented in 

Fig. 14 and Fig. 15, it is observed that the impact of 𝐹𝑝 

at 100% is almost identical to that at 0%. This suggests 

that within the tested range, 𝐹𝑝 variations do not 

significantly affect system stability. However, the 
deviation in system response is more pronounced with 

changes in 𝑡𝑐𝑡 than with changes in 𝐹𝑝. This highlights 

that while 𝐹𝑝 is a factor in system stability, the timing of 

fault clearance plays a more crucial role. 

 

 
Fig. 14: The plots for Frequency at different 𝐹𝑝 and 𝑡𝑐𝑡 

 
These findings emphasize the critical role of 𝑡𝑐𝑡 in 

maintaining the stability of Solar PV-Wind-Battery HRES 
connected to the grid. Similarly, the ability of the system 
to stabilize after a disturbance is highly dependent on 
how quickly the fault is cleared, with longer delays 
leading to potential isolation and shutdown of 

generators. On the other hand, 𝐹𝑝, levels, has a less 

significant impact on the overall system stability, making 

𝑡𝑐𝑡 a more critical parameter to manage for ensuring the 
reliable operation of grid-tied HRES systems. 

3.7. Quantitative analysis  

A descriptive statistic of the entire data is given in 
Table 6 in terms of measures of central tendency and 

measures of variability (spread) in 𝑡𝑠 for 𝐺𝑠, 𝑉, and 𝑓. It 
was established that the mean.  𝑡𝑠 for 𝐺𝑠 was 15.513 s 
with a median of 6.206 s ranging from 1.021 s (minimum) 

to 50.000 s (maximum). The mean  𝑡𝑠 for 𝑓 was 6.793 s 

with a median of 4.691 s ranging from 1.050 s (minimum) 

to 49.981 s (maximum). Lastly, the mean  𝑡𝑠 for 𝑉 was 
14.875 s with a median of 5.781 s ranging from 1.021 s 
(minimum) to 50.000 s (maximum). Similarly, a Log 
transformation was performed on the data, and the 
transformed data normality was ascertained by the 
Shapiro-Wilk Test.  

3.7.1. Fault on buses 

For each variable, i.e., 𝑓, 𝑉, 𝑎𝑛𝑑 𝐺𝑠, the 𝑡𝑠 was 
analyzed as presented in Table 7. Firstly, a two-way 
ANOVA was conducted that examined the effect of 𝑡𝑐𝑡 

and 𝐵 on 𝑡𝑠 of a Solar-PV-Wind-Baterry HRES Grid-tied to 

an IEEE 14 bus system based on 𝑓. There was a 
statistically significant interaction between the effects 

of 𝑡𝑐𝑡 and 𝐵 on the 𝑡𝑠of 𝑓 (𝑝 <  0.05). Indicating that the 
combined effect of these variables significantly 

influences the system's 𝑡𝑠 after a disturbance, while the 
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relationship between 𝑡𝑐𝑡 and the 𝐵 impact is not 
straightforward and depends on the interaction between 
these factors.  

However, there was no statistically significant 

difference in the B on the 𝑡𝑠 of 𝑓 (𝑝 <  0.05). This 
indicates that the battery's presence did not 

independently affect the 𝑡𝑠 for frequency, highlighting 
that other system parameters or the interaction with 𝑡𝑐𝑡 
might play more crucial roles in this context. 
Additionally, there was a statistically significant 

difference in the 𝑡𝑐𝑡 on the 𝑡𝑠 of 𝑓 (𝑝 <  0.05), with 𝑡𝑐𝑡 =
2.00 𝑠 having a significantly higher 𝑡𝑠 than all the other 

𝑡𝑐𝑡. Similarly, this finding underscores the critical 
importance of fault clearance time in determining the 
system's frequency stability. A longer 𝑡𝑐𝑡 = 2.00 𝑠 led to 
a slower return to a steady state, which could imply 
greater system instability or longer periods of 
oscillations following a disturbance. This emphasizes the 
need for rapid fault clearance to enhance system 
performance. 

Table 6: The descriptive statistics of the setting time for generator speed bus frequency and bus voltage  (𝑛 = 4060). 
Descriptive statistics Speed (s) Frequency (s) Voltage (s) 

Maximum 50.000 49.981 50.000 
Minimum  1.021 1.050 1.021 
Range 48.979 48.931 48.979 
Interquartile Range 19.15 6.72 16.96 
Median 6.206 4.691 5.781 
Skewness 1.138 3.000 1.291 
Mean 15.513 6.793 14.875 
Standard error 0.281 0.125 0.268 
Standard deviation 17.936 7.962 17.075 
Variance 321.716 63.394 291.557 

 
Secondly, a two-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡 and 𝐵 on the 𝑡𝑠of a Solar-PV-
Wind HRES Grid-tied to an IEEE 14 bus system based on 

𝐺𝑠. There was a statistically significant interaction 

between the effects of 𝑡𝑐𝑡 and 𝐵 on the 𝑡𝑠 of 𝐺𝑠 (𝑝 <
 0.05). A simple main effects analysis showed that 𝑡𝑐𝑡 =

2.00 𝑠 had a significantly higher 𝑡𝑠 than 𝑡𝑐𝑡 = 1.05 𝑠 and 
𝑡𝑐𝑡 = 1.50 𝑠. Furthermore, there were statistically 

significant differences between 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 =
2. OO 𝑠, while there were no statistically significant 

differences between 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 = 1.50 𝑠. 

Table 7: The statistical results of the settling time (𝑡𝑠) expressed in terms of mean and standard deviation 

Fault clearance time (𝒕𝒄𝒕) 𝒇 (𝑡𝑠)  𝑽 (𝑡𝑠)  𝑮𝒔 (𝑡𝑠) 

𝑡𝑐𝑡 = 1.05 𝑠 5.284 ± 0.421 9.568 ± 0.521a 10.129 ± 0.529a 

𝑡𝑐𝑡 = 1.50 𝑠 5.113± 0.486 10.045 ± 0.433a 10.991 ± 0.634a 
𝑡𝑐𝑡 = 2.00 𝑠 6.069 ± 0.558 12.921 ± 0.507b 11.621 ± 0.607b 

a, b mean ± std within a column with no superscript in common differ significantly (𝑝 < 0.05) 

 
Lastly, a two-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡 and 𝐵 on the 𝑡𝑠of a Solar-PV-
Wind HRES Grid-tied to an IEEE 14 bus system based on 

𝑉. There was a statistically significant interaction 
between the effects of 𝑡𝑐𝑡 and 𝐵 on the 𝑡𝑠 of 𝑉 (𝑝 <
 0.05). This further reinforces the idea that the 
combined effects of these variables are crucial in 
determining the system's dynamic response to faults. A 
simple main effects analysis showed that 𝑡𝑐𝑡 = 2.00 𝑠 had 

a significantly higher 𝑡𝑠 than 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 = 1.50 𝑠. 

This indicates that longer 𝑡𝑐𝑡 consistently lead to poorer 
system performance, not only in terms of 𝑓 but also 𝑉 

and 𝐺𝑠 stability. Additionally, there were statistically 

significant differences between 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 =
2. OO 𝑠, while there were no statistically significant 
differences between 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 = 1.50 𝑠. This 

suggests that a 𝑡𝑐𝑡 of around 1.50 s is an optimal 

threshold for maintaining both 𝑓 and 𝑉 and 𝐺𝑠stability 
without significantly degrading system performance. 

3.7.2. Fault on Transmission Lines 
A summary of the data is given in Table 8. It was 

observed that the 𝑡𝑠 for 𝑡𝑐𝑡 = 2.00 𝑠 was still much higher 

than that of 𝑡𝑐𝑡 = 1.05 𝑠 and 𝑡𝑐𝑡 = 1.50 𝑠. For each 

variable, i.e., 𝑓, 𝑉, 𝑎𝑛𝑑 𝐺𝑠, the 𝑡𝑠 was analyzed to 

determine the effects of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 as presented in 

Table 9. Firstly, a three-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵  on 𝑡𝑠 of a Solar-

PV-Wind HRES Grid-tied to an IEEE 14 bus system based 

on 𝑉. There was a statistically significant three-way 

interaction between 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 (𝑝 <  0.05). This 

implies that the relationship between any two of the 

variables (𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 ) on the 𝑡𝑠 is not consistent 

across the levels of the third variable. In other words, 

the influence of 𝑡𝑐𝑡 on the 𝑡𝑠 depends on both the 𝐹𝑝 and 

the presence of a 𝐵. This significant interaction indicates 

that the system's 𝑉 response is highly sensitive to the 

specific conditions of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 status. It suggests 

that optimizing these parameters simultaneously is 
crucial for maintaining voltage stability in the grid-tied 
system.  

Secondly, a three-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵  on 𝑡𝑠 of a Solar-

PV-Wind HRES Grid-tied to an IEEE 14 bus system based 

on 𝑓. It was established that there was a statistically 

significant three-way interaction between 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 

(𝑝 <  0.05). This finding aligns with the results obtained 
for 𝑉, underscoring the complexity of the system’s 

dynamic behavior. The 𝑓 of the system is a critical 
parameter in grid stability, and the significant 

interaction effect suggests that deviations in the 𝑡𝑠 of 

𝑓.are influenced by the interaction of 𝑡𝑐𝑡, 𝐹𝑝, and the 

presence of a 𝐵.
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Fig. 15: The plots for Voltage at different 𝐹𝑝 and 𝑡𝑐𝑡. 

 
Table 8: A summary of the data on the effect of fault position (𝐹𝑝) and fault clearance time (𝑡𝑐𝑡) on settling time (𝑡𝑠) for Frequenct (𝑓), voltage 

(𝑉) and generator speed (𝐺𝑠) 

𝐹𝑝 𝒕𝒄𝒕 𝒇 (𝑡𝑠)  𝑽 (𝑡𝑠)  𝑮𝒔 (𝑡𝑠) 

0% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 2.999 ± 0.357 6.152 ± 0.418 3.529 ± 0.385 
 𝑡𝑐𝑡 = 1.50 𝑠 7.165 ± 0.262 13.728 ±0.315 7.136 ± 0.304 
 𝑡𝑐𝑡 = 2.00 𝑠 12.565 ± 0.524 23.688 ±0.397 18.435 ± 0.477 

10% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 1.3066 ± 0.104 2.533 ± 0.242 1.453 ± 0.127 
 𝑡𝑐𝑡 = 1.50 𝑠 6.603 ± 0.164 17.090 ±0.364 11.957 ± 0.385 
 𝑡𝑐𝑡 = 2.00 𝑠 14.668 ± 0.309 34.763 ±0.425 27.160 ± 0.487 

25% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 1.313 ± 0.108 2.545 ± 0.241 1.427 ± 0.122 
 𝑡𝑐𝑡 = 1.50 𝑠 7.964 ± 0.234 15.239 ±0.349 10.009 ± 0.336 
 𝑡𝑐𝑡 = 2.00 𝑠 15.043 ± 0.369 29.321 ±0.488 23.963 ± 0.530 

50% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 1.376 ± 0.123 2.599 ± 0.246 1.467 ± 0.133 
 𝑡𝑐𝑡 = 1.50 𝑠 6.591 ± 0.149 14.497 ±0.317 9.548 ± 0.338 

 𝑡𝑐𝑡 = 2.00 𝑠 12.631 ± 0.278 31.580 ±0.401 24.962 ± 0.503 

75% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 1.384 ± 0.117 2.709 ± 0.258 1.496 ± 0.129 
 𝑡𝑐𝑡 = 1.50 𝑠 5.553 ± 0.163 10.551 ±0.294 6.423 ± 0.232 
 𝑡𝑐𝑡 = 2.00 𝑠 12.328 ± 0.276 28.738 ±0.398 22.354 ± 0.497 

90% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 1.600 ± 0.174 2.965 ± 0.261 1.729 ± 0.175 
 𝑡𝑐𝑡 = 1.50 𝑠 5.697 ± 0.195 10.945 ±0.356 6.225 ± 0.266 
 𝑡𝑐𝑡 = 2.00 𝑠 8.653 ± 0.200 23.926 ±0.406 19.434 ± 0.479 

100% mean ± std 𝑡𝑐𝑡 = 1.05 𝑠 1.223 ± 0.093 3.020 ± 0.289 1.622 ± 0.193 
 𝑡𝑐𝑡 = 1.50 𝑠 7.913 ± 0.246 14.075 ±0.349 9.822 ± 0.343 

 𝑡𝑐𝑡 = 2.00 𝑠 8.431 ± 0.334 22.970 ±0.472 16.625 ± 0.527 

 

The significant interaction reveals that these factors 
cannot be considered in isolation when designing or 
analyzing the system, as their combined effect can lead 

to variations in the system’s ability to return to its 

nominal 𝑓 after disturbances. 
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Table 9: The statistical results of the settling time (𝑡𝑠) expressed in terms of mean and standard deviation 

Fault position (𝑭𝒑) 𝒇 (𝒕𝒔) 𝑽 (𝒕𝒔) 𝑮𝒔 (𝒕𝒔) 

0% mean ± std 7.576±0.468g 14.523±0.492ae 9.700±0.519ab 
10% mean ± std 7.526±0.451afg 18.129±0.566ad 13.523 ±0.582a 
25% mean ± std 7.937±0.473dfg 15.369±0.544aceg 12.053±0.556ab 
50% mean ± std 6.866±0.422achfg 16.225±0.532af 12.052±0.558b 
75% mean ± std 6.465±0.423aeg 14.172±0.514efh 10.091±0.513b 
90% mean ± std 5.317±0.359b 12.612±0.479ch 9.129±0.480b 
100% mean ± std 5.740±0.429beh 13.097±0.495bgh 9.179±0.508b 

a, b mean ± std within a column with no superscript in common differ significantly (𝑝 < 0.05) 

 
Lastly, a three-way ANOVA was conducted that 

examined the effect of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵  on 𝑡𝑠 of a Solar-

PV-Wind HRES Grid-tied to an IEEE 14 bus system based 
on 𝐺𝑠. There was no statistically significant three-way 

interaction between 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 (𝑝 <  0.05). This 

result indicates that the 𝑡𝑠 of 𝐺𝑠 is not significantly 

affected by the combined interaction of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵 

status. This lack of interaction might imply that 𝐺𝑠, 

unlike 𝑉 and 𝑓, is less sensitive to the simultaneous 
variations in these parameters or that the system's 

design inherently stabilizes generator speed more 

effectively under varying conditions of 𝑡𝑐𝑡, 𝐹𝑝, and 𝐵. 

Therefore, in terms of 𝐺𝑠, the factors may act more 
independently, with no substantial combined effect on 

the 𝑡𝑠. 

3.7.3. Evaluation of the Effect of Battery Energy 
Storage System  

To evaluate the effect of the Battery on the entire 
system an independent t-test was performed as given in 
Table 10.

Table 10: The results for the independent t-test in terms of mean and standard deviation 

System 𝒇 (mean ± std) 𝑽 (mean ± std) 𝑮𝒔 (mean ± std) 

PV-Wind  15.843 ± 0.594a 14.825 ± 0.524 10.473 ± 0.543298 
PV-Wind Battery 6.781   ± 0.434b 14.891 ± 0.519 10.815 ± 0.532010 

a,b mean ± std within a column, with no superscript in common, differ significantly (𝑝 < 0.05) 

 
The independent t-test established that there was 

no statistically significant difference between the PV-
Wind Battery Hybrid system and the PV-Wind Hybrid 
system in terms of 𝑡𝑠of  𝑉 (𝑝 <  0.05). Additionally, 
there was no statistically significant difference between 
the PV-Wind Battery Hybrid system and the PV-Wind 
Hybrid system in terms of 𝑡𝑠of  𝐺𝑠 (p < 0.05). These 
results indicate that the BESS does not significantly alter 

the system's 𝑉 and 𝐺𝑠 stability under the conditions 
tested. These parameters are crucial for maintaining 
system reliability, and the findings suggest that the 
hybrid system's overall stability in these aspects is not 
heavily dependent on the presence of a BESS. However, 
the PV-Wind Battery Hybrid system had a statistically 
significantly lower 𝑡𝑠of  𝑓 compared to the PV-Wind 

Hybrid system (𝑝 <  0.05). This highlights the battery's 

critical role in improving 𝑓 stability. 𝑓 stability is vital 
for the synchronous operation of power systems, and the 
ability of the BESS to enhance this aspect suggests that 
it effectively compensates for the inherent variability of 
renewable energy sources like wind and solar (Datta, 
2020). The BESS likely provides rapid frequency support 
during fluctuations, which is particularly beneficial 
during events of sudden load changes or renewable 
output variations (Datta, 2020; Karbouj et al., 2019). 

4. Conclusions  

The increasing global reliance on renewable energy 
sources, particularly solar PV and wind energy has 
necessitated the development of hybrid systems that can 
harness the strengths of both technologies. Hybrid solar 
PV-wind grid-tie systems offer a promising solution to 
the challenges of renewable energy integration, 
providing enhanced reliability, efficiency, and stability. 
However, the dynamic nature of these systems, 
influenced by fluctuating weather conditions and varying 

load demands, makes stability analysis a critical area of 
study. This research focused on the transient stability 
analysis of a solar PV-wind grid-tie hybrid system, to 
understand the system's behavior under different 
operating conditions and identify strategies to enhance 
its stability based on an IEEE 14 Bus system.  

The load flow analysis of the IEEE 14 Bus system 
established that direct connection between the 
generator and buses results in higher voltage levels, as 
there is less impedance and fewer losses between the 
generator and these buses. The bus voltages ranged from 
0.9832 p.u. to 1.00 p.u. Additionally, the Load Flow 
analysis aimed to identify the optimal buses for the 
integration of Solar PV and Wind resources by focusing 
on those that are furthest from the generator yet exhibit 
stable voltage profiles. This strategy is beneficial as it 
supports the distributed generation model, enhances 
voltage stability, reduces transmission losses, and 
improves overall grid efficiency. Therefore, by carefully 
selecting the buses for renewable integration, the power 
system can accommodate clean energy sources while 
maintaining stability and reliability, which are crucial for 
the sustainable development of the grid.  

On the analysis of transient stability of the hybrid 
grid-tie system under sudden changes, i.e., faults on 
transmission lines and buses.  The integration of PV and 
wind systems into the IEEE 14-bus system does result in 
some variations in voltage and changes in power flow 
patterns, i.e., 0.9929 p.u. to 0.99 p.u. for buses 
connected to the PV system and 0.9878 p.u. to 0.9918 
p.u. for buses connected to the wind system. Therefore, 
these changes are manageable and do not compromise 
the overall stability of the system. Additionally, the 
integration of renewable energy sources into the power 
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grid does introduce additional reactive power flows 
leading to a slight increase in system losses (about 
0.02%), the impact is minimal and does not significantly 
affect system efficiency. When the fault occurred on the 
buses both voltage, frequency, and generator speed 
experienced a significant drop but showed a notable 
recovery to pre-fault levels once the fault was cleared. 

However, the level of 𝑉 and 𝑓 drops were directly 

proportional to 𝑡𝑐𝑡. However, when the fault occurs on 
the transmission line as the fault clearance time 
increases (greater than 1.05 s) the generators connected 
to the faulted line will be isolated. Additionally, fault 
position doesn’t have much effect on the voltage and 
frequency profiles, however, the fault clearance time 
had a noticeable effect. i.e., the settling time for the 
fault clearance time of 1.50 s and 2.00 s were longer 
compared to those of 1.05 s. Moreover, in the analysis of 
𝑡𝑐𝑡 and 𝑡𝑠 for 𝑉, 𝑓, and 𝐺𝑠, shorter 𝑡𝑐𝑡 values consistently 
led to faster stabilization times, which is advantageous 
for maintaining system stability during transient 
disturbances. The integration of BESS into a Solar PV-
Wind hybrid energy system provided significant benefits 
in terms of voltage stability (0.98772 to 1.000 p.u.) and 
loss reduction (1.25%). The BESS enhances the reliability 
and efficiency of the system by maintaining stable 
voltage profiles and reducing line losses, making it 
better suited to accommodate the variable nature of 
RESs. 
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