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Abstract: - This work concerns the study of the impact of wind energy integration on the stability and 
management of the Tunisian electrical grid. The analysis is conducted using the PSS (Power System 
Simulation) in Matlab/Simulink (Model and simulate multidomain physical systems) software to assess the 
stability of a power grid that incorporates wind farms, utilizing various indicators of stability and robustness. 
The aim is to evaluate the stability of a test transmission grid (IEEE 9 bus) as well as the stability of the 
Tunisian grid both with and without a wind power plant, to identify the primary effects of this integration, and 
to estimate a maximum allowable penetration rate for the grid. This study is carried out through a series of 
dynamic simulations, introducing various disturbances into a model of the national grid. The results indicate 
that the integration rate of wind energy should not exceed 20% to maintain electrical parameters within 
acceptable limits and to avoid compromising the operational performance of the Tunisian grid. 
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1  Introduction 
Today, the utilization of renewable resources for 
electricity generation has become widespread across 
the globe. The rapid development of these energy 
sources can be attributed to potential environmental 
issues, the swift growth of the population (increased 
demand), and the depletion of fossil fuel reserves. 

This expansion of renewable energy production 
within existing networks is not without its impacts. 
Therefore, it is essential to study these effects to 
ensure that the integration occurs without 
compromising the quality and performance of 
electrical networks. Conventional electricity 
generation primarily relies on large traditional 
synchronous machines, which, due to their physical 
characteristics and without additional investment, 
provide significant inertia to the electrical system, 
[1]. 

This inertia means that immediately following 
the loss of a substantial portion of electricity 
production, the resulting drop in system frequency is 
delayed by the inertia of all rotating masses. This 
delay is crucial, as several seconds pass before 
additional primary power reserves can be deployed 
to restore balance to the electrical system while 

remaining within acceptable frequency deviation 
limits. 

From the perspective of the electrical system, 
the generation of electricity from renewable sources 
operates quite differently compared to conventional 
production facilities. In addition to their intermittent 
nature, most of these sources are connected to the 
grid through power electronic converters, which 
diminishes the overall inertia of the electrical 
system. This inertia is often regarded as a critical 
parameter for the synchronized operation of current 
electrical systems. Indeed, a lower level of inertia 
results in an increased rate of change of frequency 
(RoCoF), and the grid frequency becomes highly 
responsive to sudden shifts in production and load, 
[2], [3]. 

Furthermore, a sufficient level of grid 
robustness must be always maintained, regardless of 
whether the situation is normal or disturbed. 
Traditionally, this robustness has been represented 
by the available fault level at a specific node in the 
electrical grid in relation to the nominal value of a 
renewable energy source (RES) connecting to that 
node. The short-circuit ratio (SCR) has been utilized 
to assess the system's robustness at the 
interconnection point of the RESs. Connecting 
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RESs to nodes with low short-circuit power can lead 
to potential issues concerning stability and voltage 
quality. 

This work is necessitated by the current context. 
It focuses on the study of the impacts resulting from 
the integration of renewable energies, primarily 
wind energy, into the electrical grid.  

In accordance with the objectives set forth, this 
work is organized into two sections. 

The first section will provide an overview of the 
scenarios and challenges associated with the 
integration of renewable energy sources globally. 
Following this, the stability and control of the 
electrical grid, both with and without the integration 
of renewable energy sources, will be introduced. 

The second section will present and analyze 
various stability indicators and methods for 
assessing the robustness of the grid. Specifically, the 
stability of the IEEE 9-Bus test grid and its 
robustness (SCR) will be evaluated using PSS 
toolbox in the absence of renewable energy sources, 
and the impact of wind resources on stability 
indicators will be detailed at the conclusion, 
particularly regarding the critical clearing time 
(CCT), total system inertia (Hsys), and the rate of 
change of frequency (RoCoF). 

 
 

2  Challenges of RES Penetration 
The generation of electrical energy from renewable 
sources, such as photovoltaic and wind energy, is 
primarily contingent upon the availability of the 
primary resource (PV/wind), which exhibits 
intermittent characteristics. Certain case studies, 
such as wind farms in Denmark and photovoltaic 
plants installed in Germany, suggest that when 
penetration rates exceed 20% or 30%, stability 
issues may arise. 

The high sensitivity of renewable energy-based 
power plants to network disturbances, such as 
voltage dips or frequency variations, often results in 
a disconnection from production during network 
incidents. This disconnection can impair the normal 
operation of the electrical system and exacerbate the 
imbalance between production and consumption. 

The current trend is to keep this production 
connected to the grid even in the event of voltage or 
frequency fluctuations. Achieving such an operation 
requires the implementation of an advanced control 
system. Several research projects have 
demonstrated, through statistical analyses and field 
recordings that integrating renewable energy 
sources at levels between 20% and 30% can lead to 
the following issues, [4]:  

- A loss of stability in the electrical system occurs 
due to its intermittent nature. 

- They reduce the available reserves necessary for 
maintaining the balance of the electrical system. 

- They complicate the reliability of the production 
schedule, primarily due to the unpredictable 
nature of their output. 

- Unlike production facilities that utilize rotating 
machinery, renewable energy installations 
incorporate power electronics, which can lead to 
a decrease in the system's inertia. 
 

2.1  Stability of the Grid 
The grid stability in a high voltage is a characteristic 
of a power system that enables it to maintain an 
equilibrium state under normal operating conditions 
and to return to an acceptable equilibrium state after 
experiencing a disturbance. Stability can be 
categorized based on the nature of the disturbance: 
rotor angle stability, voltage stability, and frequency 
stability. Additionally, stability can be classified 
according to the origin and magnitude of the fault, 
distinguishing between small and large amplitude 
disturbances. In terms of evaluation time, stability 
can be classified as short-term or long-term, as 
illustrated in Figure 1. 
 

 
Fig. 1: Classification of grid stability 

 
Disturbances can vary in magnitude, ranging 

from minor to significant. Minor disturbances, such 
as the rapid and continuous fluctuations in the 
production and transportation load of the system, 
occur regularly. The system adapts to these 
variations while maintaining an acceptable stability 
gradient and operational levels of voltage and 
frequency. In contrast, significant disturbances, such 
as the tripping of a generator or faults in 
transmission lines, result in substantial changes to 
the network topology and variations in the systems 
state parameters, including voltage and frequency. 

The stability of electrical networks is a complex 
phenomenon that requires continuous monitoring by 
specialists to address and mitigate the impacts of 
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incidents and disturbances that may affect the 
electrical system. All advancements in stability 
problem resolution begin with an understanding of 
the disturbance scale, modeling the disturbance 
phenomena, and applying solutions through the art 
of mathematical simulation. 

 
2.2  Grid Stability with the ERS Penetration 
Conventional synchronous generators are unable to 
instantaneously adjust their output power to match 
load demands, resulting in a gradual acceleration or 
deceleration to address any shortfall until a change 
in speed occurs. This temporary alteration in power 
output leads to frequency variations, [4], [5].  

The output from renewable energy sources 
fluctuates based on weather conditions, presenting a 
control challenge for the effective operation of the 
electrical system. Rapid changes in power generated 
by wind turbines, (which can reach several hundred 
kilowatts within a matter of seconds), along with 
load variations, can cause frequency fluctuations in 
the grid and trigger primary control adjustments of 
the rotating units. However, as long as the 
penetration rate of wind energy remains low, this 
variation can be regarded as negligible. Conversely, 
to ensure grid stability, it will be necessary to 
consider the participation of wind turbines in 
primary frequency control, with solutions that still 
require further investigation. If production exceeds 
consumption, the frequency will surpass the 
nominal value of 50Hz, and in such a situation, 
wind turbines must curtail their output. Most 
electrical systems possess adequate inertia in 
rotating machines to accommodate minor 
fluctuations in load. However, as the integration of 
renewable energy sources increases, these 
fluctuations are likely to become more significant, 
and the reserve capacity of synchronous machines 
may not be sufficient to manage them. Therefore, it 
is essential to implement measures to ensure that the 
impact of these variations on the frequency of the 
electrical system remains within the normal 
operating limits of the system, [6]. 

The new generation of large variable-speed 
wind turbines exhibits high moments of inertia due 
to their blades, which allow them to act as a filter 
for fluctuations in power and frequency. The 
rotating mass can also provide short-term frequency 
support to the electrical system. Long-term 
frequency support can be achieved by utilizing 
synchronous generators in conjunction with storage 
technologies such as fuel cells. These approaches 
fall under the category of primary frequency control. 
Additional frequency control relies on maintaining 

balancing reserves and implementing effective 
control systems. 

Renewable energy systems that are electrically 
isolated typically connect to the grid through a 
power electronic converter, which is designed to 
monitor the grid frequency and adjust its output 
accordingly. Additional control is crucial for 
photovoltaic systems that lack inertia. Power 
electronic converters play a vital role in facilitating 
the interface between renewable generation and the 
grid, aiming to enhance the stability gradient of the 
frequency, [7]. 

 
2.3  Electric Grid Control 
The purpose of electric grid control is to restore a 
state of operational equilibrium following a physical 
disturbance. Most variables and performance 
indicators of the electrical system, such as 
frequency, voltage, and angle, are maintained within 
permissible limits to ensure the normal operation of 
the electrical system. Consequently, the primary 
control loops are referred to as frequency control, 
voltage control, and rotor angle control. In 
numerous electrical networks, advanced 
measurement devices such as Phasor Measurement 
Units (PMUs) and modern communication systems 
have already been installed. These devices enable 
the adjustment of parameters for existing electrical 
system controls through an online control 
mechanism that relies on real-time data. The data 
obtained from PMUs is utilized to estimate critical 
parameters of the system. Subsequently, these 
parameters are incorporated into the control 
algorithm, which modifies the controller settings for 
frequency, voltage, and power oscillation regulation. 
As a result, the controller parameters are tailored to 
reflect the current state of the system. 
 
 
3   Control Requirements 
 
3.1  Requirements for Voltage Control 
Wind and photovoltaic power plants are required to 
continuously, dynamically, and rapidly participate 
in the voltage control of the transmission network. 
They must be equipped with an automatic voltage 
regulation system and be capable of supplying or 
absorbing the reactive power necessary to maintain 
voltage within the acceptable operating limits of the 
transmission network under steady-state conditions. 
Voltage regulation in a wind or photovoltaic power 
plant can be achieved either by the wind turbine 
itself or through other equipment such as 
synchronous compensators or STATCOMs. Under 
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normal operating conditions of the transmission 
network, a wind or photovoltaic power plant must 
not generate rapid voltage fluctuations at the 
connection point exceeding ± 5% of the nominal 
voltage. Standards establish ranges for normal and 
abnormal operating voltages. Specifically, for each 
mode of operation, a minimum operating period is 
specified. These specifications are detailed in Table 
1. 
 

Table 1. Accepted voltage ranges 
Voltage interval Minimum operating period 
0.80 Un - 0.85 Un 30 min 
0.85 Un - 0.93 Un 3 h 
0.93 Un - 1.07 Un Unlimited 
1.07 Un - 1.10 Un 1 h 
1.10 Un - 1.20 Un 15 min 

 

3.2  Requirements for Frequency Control  
For normal operating frequencies (49.5 Hz - 50.5 
Hz), renewable energy production facilities 
connected to high and medium-voltage grid must 
remain continuously connected to the grid while 
operating within the parameters for active and 
reactive power for which they were designed, like 
conventional power plants. Frequencies are 
categorized into normal and abnormal operating 
ranges, each associated with specific minimum 
operating durations. The frequency ranges and their 
corresponding operating durations are detailed in 
Table 2. 

 
Table 2. Accepted frequency ranges 

Frequency 
interval (Hz) Minimum operating period 

47.5 - 48.5 The cumulative duration is 15 minutes 
over the lifespan of the installation. 

48.5 - 49.5 

Continuous operation for 5 hours, with 
a cumulative duration of 100 hours 
throughout the lifespan of the 
installation 

49.5 - 50.5 Unlimited 

50.5 - 51 
Continuous operation for 1 hour, with a 
cumulative duration of 15 hours during 
the lifespan of the installation 

51 - 52 15 minutes, occurring once to five times 
per year 

 
3.3 Requirements of Active Power 

 Generation 
Production units utilizing renewable energy sources 
must be controllable in terms of active power to 
mitigate risks to the grid or disturbances in system 
balance. Under normal operating conditions, a wind 
or photovoltaic power plant must be capable of: 

- Adjusting the rate of increase or decrease of the 
produced active power to the value specified by the 
control center (MW/minute). 

- Reducing the produced active power, upon 
instruction from the control center to the required 
level while adhering to the established rate of 
variation (charging/discharging). 

 
 

4   Stability and Robustness Indicators 
This section will examine the impact of integrating 
wind turbines into an IEEE 9-Bus test network. The 
first part will define various stability indicators: the 
critical clearing time (CCT), the inertia of power 
systems (H), and the rate of change of frequency 
(RoCoF). 

Subsequently, three methods for assessing the 
robustness of the network will be outlined (SCR, 
WSCR, and CSCR), followed by an evaluation of 
transient stability, frequency stability, and the 
robustness of the IEEE 9-Bus network. Finally, an 
analysis of the effect of wind turbine penetration on 
the stability indicators will be conducted to 
highlight the significance of the interconnection 
point's rigidity of the renewable energy source with 
the grid and the inertia of the latter, [5]. 

 
4.1  Stability Indicators 
 
4.1.1  Critical Clearing Time (CCT) 

To ensure transient stability, any fault within the 
electrical system must be cleared promptly to keep 
the system within its stability limits. The critical 
clearing time (CCT) is the most widely used 
criterion for assessing the transient stability of an 
electrical system. It represents the maximum 
duration that a disturbance can be sustained without 
causing the system to lose synchronism and 
stability. A decrease in the CCT indicates a 
reduction in the transient stability margin of the 
system. The fault must be cleared by the protection 
mechanism before the critical time is reached. 
Consequently, the operational range of CCT values 
can be established based on the protection scheme. 
Indeed, the critical fault clearance time must exceed 
the clearing time required by the protection 
equipment, plus an additional safety margin. 
Typically, CCT values range from 100 ms to 1s. 

The fault clearance time is determined for a 
specific disturbance and fault duration by analyzing 
the variations in the relative angles of synchronous 
generators. The rotor angle of one of the network 
generators (usually the generator at the balancing 
node) is used as a reference. The variations in the 
different relative angles (αi) are compared to a 
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reference angle (αr) set at ± 180°. When |αi| > |αr|, 
the generator(s) meeting this condition are deemed 
unstable, [6]. 

 
4.1.2  Inertia of Power Systems 

In the grid, the rotational speed of the machines 
connected to the grid is directly associated with the 
frequency at their terminals. The total mechanical 
inertia stored in these machines provides not only a 
form of resistance to changes in their rotational 
speed but also inherently opposes any alterations in 
frequency. Consequently, the inertia of these 
machines is regarded as a crucial parameter 
essential for the synchronized operation of 
contemporary electrical systems. Conventional 
generators store kinetic energy within their rotating 
components. This stored energy is either released or 
absorbed in response to a disturbance. The 
expression for the kinetic energy of a synchronous 
generator is provided by: 

 𝐸𝑘 =
1

2
. 𝐽. Ω2                              (1) 

where J represents the moment of inertia of the 
rotating mass in kg·m², and Ω denotes the angular 
velocity of the shaft in rad/s. 

 
Kinetic energy changes when a power/torque 

imbalance is imposed on the system. Therefore, we 
can establish a relationship between the equilibrium 
of active power within the system and the deviation 
of the rotor speed. 

 𝑃𝑚(𝑡) − 𝑃𝑒(𝑡) =
𝑑𝐸𝑘

𝑑𝑡
≈ Ω0. 𝐽

𝑑Ω
𝑑𝑡

             (2) 
where, Ω0 represents the nominal angular 

velocity of the shaft, measured at 314 rad/s, Pm and 
Pe denotes the mechanical and electrical power in 
megawatts (MW). 

 
To quantify and highlight the inertia of a 

machine, the parameter H is utilized. This represents 
the inertia constant, measured in seconds, which 
indicates the duration in seconds that a generator 
can deliver its rated power solely by utilizing the 
kinetic energy (Ek) stored in its rotating mass. This 
inertia constant can be defined as the ratio of the 
system's kinetic energy to the nominal apparent 
power (S) of synchronous machines, [8], [9]. 

𝐻 =
𝐸𝑘

𝑆
≈ Ω0. 𝐽.

𝑑Ω
𝑑𝑡

                     (3) 
 
To illustrate the relationship between active 

power balance and the inertia constant H, the 
moment of inertia J in relation (1) is substituted into 
equation (2). 

𝑃𝑚(𝑡) − 𝑃𝑒(𝑡) =
2.𝐻.𝑆

𝛺0
.

𝑑𝛺

𝑑𝑡
                     (4) 

 

The oscillation equation (4) is expressed in per 
unit (p.u) as follows: 

𝑃𝑚(𝑡) �̌�𝑒(𝑡) = 2. 𝐻.
𝑑𝛺

𝑑𝑡
= 2. 𝐻.

𝑑𝑓

𝑑𝑡
            (5) 

By examining equation (5), it can be concluded 
that the inertia of a synchronous machine, 
represented by its inertia constant H, reflects the 
resistance to a change in frequency that arises from 
an imbalance between mechanical power and 
electrical power. 

In an electrical network, each synchronous 
machine operates at the same frequency under 
steady-state conditions. When a significant power 
imbalance occurs, each generator will exhibit 
distinct oscillatory movements around the center of 
inertia (COI), influenced by the disparity between 
its mechanical and electrical power. However, all 
machines will ultimately synchronize to achieve the 
same speed through control and synchronization 
mechanisms. Consequently, these machines can be 
consolidated into a single unit, with their 
mechanical behavior governed by a singular 
oscillation equation expressed in per unit as follows: 

2. 𝐻𝑠𝑦𝑠.
𝑑𝑓𝑐𝑜𝑖

𝑑𝑡
= 𝑃𝐺(𝑡). 𝑃𝐿(𝑡) = ∆𝑃              (6) 

where, Hsys represents the total inertia constant of 
the system, fcoi denotes the frequency at the center of 
inertia, and PG and PL indicates the total generated 
and load powers. 

 
The inertia of the system is not a constant 

parameter, as the number and type of machines 
connected to the network fluctuate over time. 

The equivalent inertia of the entire set of 
rotating machines also referred to as system inertia, 
is defined as the weighted sum of the inertia 
constants of each connected machine. 

𝐻𝑠𝑦𝑠 =
∑ 𝐻𝑖.𝑆𝑖

𝑛
𝑖=1

𝑆𝑠𝑦𝑠
                                   (7) 

 

Ssys represents the total capacity for synchronous 
production, while n denotes the number of 
synchronous machines connected to the system. 
Frequency instability may result in frequency 
oscillations, which can trigger the activation of 
production units or loads if the frequency exceeds a 
specific range or if the rate of change of frequency 
(RoCoF) becomes excessively high. 

 
4.1.3  Rate of Change of Frequency (RoCoF) 

The rate of change of frequency represents the time 
derivative of the electrical system's frequency 
(df/dt). This metric is crucial for assessing the 
resilience of an electrical grid and serves as a 
significant parameter for evaluating frequency 
stability. The instantaneous value of RoCoF 
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immediately following a power imbalance is 
equivalent to its value in the vicinity of zero, prior 
to any control actions being implemented. 

 𝑅𝑜𝐶𝑜𝐹 =
𝑑𝑓𝑐𝑜𝑖

𝑑𝑡
|𝑡=0 =

∆𝑃

2.𝐻𝑠𝑦𝑠
                   (8) 

 
According to relation (8), it is observed that the 

two key factors influencing the rate of frequency 
variation are the relative amount of power 
imbalance and the total inertia of the system at the 
time of the disturbance. 

In Figure 2, the frequency as a function of time 
is presented for a power imbalance of 0.1 per unit. It 
illustrates that for a given imbalance, the frequency 
drop is significantly greater and occurs more rapidly 
when the inertia is reduced. Therefore, with a lower 
system inertia Hsys, the governor control must 
respond more promptly to prevent the frequency 
from declining to critical levels. 

 

 
Fig. 2: Frequency evolution following a power 
imbalance of Δp=0.1 p.u, [7] 

 
Figure 3 clearly indicates that for a power 

imbalance, the rate of change of frequency (RoCoF) 
decreases as the system's inertia increases. 

 

 
Fig. 3: Evolution of RoCoF in relation to the total 
inertia of the system 
 
4.2  Evaluation of Grid Robustness 
The robustness of the system was first defined by 
the AEMC in 2017 as follows: It is a characteristic 

of an electrical grid that relates to the magnitude of 
voltage variation resulting from a fault or 
disturbance within the grid. 

The robustness of the system can be assessed by 
the availability of fault current at a specific location. 
High fault levels are typically observed in a robust 
electrical system, whereas low fault levels indicate a 
fragile electrical system. The resilience of the 
system is a shared concern in the integration of 
renewable energy sources. The performance of 
various components within an electrical system is 
contingent upon the system's robustness, which 
indicates how sensitive the system's variables are to 
different disturbances. When the network's 
resistance is high at a connection point, the voltage 
experiences minimal variation in response to 
changes in load or production. Conversely, when the 
system's robustness is lower, the voltage fluctuates 
more significantly for the same alteration.  

The large-scale integration of renewable energy 
sources (RES) into an electrical system may alter 
the characteristics of the grid, particularly affecting 
voltage performance under normal operating 
conditions and potentially leading to undesirable 
issues related to stability and voltage quality. 
Therefore, it is essential to assess the robustness of 
the system at the connection points of the RES. To 
date, various methods have been developed to 
evaluate the system's resilience. However, each of 
these methods has its limitations and may not 
accurately represent the actual rigidity of the system 
at every interconnection point of the RES. 

 
4.2.1  Short-Circuit Ratio (SCR) 

The most employed method for assessing the 
network's stiffness at the interconnection point of 
the renewable energy sources (RES) is the Short-
Circuit Ratio (SCR). This ratio indicates the rigidity 
of a bus within the network in relation to the rated 
power of a machine or an interconnected RES. The 
SCR is defined as the ratio of the short-circuit 
capacity Scci (in MVA) at bus i, where the device is 
located, to the rated power of that device Pi (in 
MW). 

𝑆𝐶𝑅𝑖 =
𝑆𝑐𝑐𝑖

𝑃𝑖
                                  (9) 

 
The calculated value of the System Strength 

Ratio (SCR) can be utilized to identify vulnerable 
areas within an electrical system, where enhanced 
compensation measures and monitoring are essential 
to address safety concerns. A robust system is 
characterized by an SCR exceeding three, while 
weak and very weak systems have SCR values 
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ranging from three to two and below two, 
respectively. 

The traditional method for calculating SCR 
often overlooks the interactions among System 
Element Ratings (SERs), which may result in overly 
optimistic and inaccurate outcomes. To account for 
the impact of these interactions on system 
robustness, several improved methodologies have 
been developed, including the Weighted SCR 
(WSCR) proposed by ERCOT and the Composite 
SCR (CSCR) introduced by GE, [10], [11]. 

 
4.2.2  Weighted Short-Circuit Ratio (WSCR) 

The WSCR provides a more accurate representation 
of the actual robustness of the system when a 
significant number of Renewable Energy Sources 
(RES) are integrated into an electrical system. This 
ratio is defined as the relationship between the 
weighted short-circuit capacity at the 
interconnection point of all RES within a specific 
area and their rated power. 

𝑊𝑆𝐶𝑅 =
∑ (𝑺𝒄𝒄𝒊.𝑷𝒊)𝑵

𝒊=𝟏

(∑ 𝑷𝒊
𝑵
𝒊=𝟏 )

2                        (10) 

where, Scci represents the short-circuit capacity at 
bus i prior to the connection of the RES i, measured 
in MVA. Pi denotes the nominal power of the RES i 
to be connected, expressed in MW, and N indicates 
the total number of RES that are fully interacting 
with one another. This calculation method is 
predicated on the assumption of complete 
interactions among the RES within a specified area. 
It assumes that all RES are linked to a single Point 
of Interconnection (POI). In practical scenarios, 
there exists a certain electrical distance between the 
POIs, and not all RES interact completely with each 
other. 

 
On the other hand, a minimum WSCR of 1.5 is 

required to ensure voltage stability and provide a 
certain margin of stability. The robustness of the 
system at the Point of Interconnection (POI) of the 
Renewable Energy Sources (RES), as calculated by 
the WSCR method, is significantly lower than that 
obtained through the SCR method. This indicates 
that renewable production sources interact with one 
another, resulting in a lower actual robustness of the 
system compared to the scenario where each source 
oscillates independently. 

 
4.2.3  Composite Short-Circuit Ratio (CSCR) 
The CSCR serves as a measure of the system's 
robustness, utilized to assess the ability of an 
electrical system to sustain stable operation when 
integrating sources reliant on power electronics 
converters. This ratio is defined as the relationship 

between the composite short-circuit capacity at the 
interconnection point of all Renewable Energy 
Sources (RES) within a specified area and their 
combined rated power. 

𝐶𝑆𝐶𝑅 =
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑆𝑐𝑐

∑ 𝑃𝑖
𝑁
𝑖=1

                      (11) 
 
The composite short-circuit capacity is 

determined by selecting a bus within an electrical 
network that is near the interconnection point of the 
renewable energy sources (RES), thereby forming a 
composite bus. The short-circuit capacity is 
subsequently calculated at this bus. 

Like the weighted short-circuit ratio (WSCR), 
the short-circuit ratio (CSCR) considers the impact 
of connecting multiple synchronous generators 
(SERs) in proximity. Typically, a robust system is 
characterized by a CSCR value ranging from 
approximately 2.5 to 3, whereas a fragile system 
exhibits a CSCR value between about 1.5 and 1.7, 
[6]. 

 
 

5 Stability and Robustness of the 9-

 Bus Test Grid 
Test grid that complies with IEEE standards have 
been extensively utilized by researchers and 
engineers for various stability studies. 

The electrical grids are constructed based on 
actual data in accordance with the standard IEEE 
electrical system configuration. In our work, we 
have selected the IEEE 9-Bus test grid. This test 
grid comprises three generators, three loads, and 
nine buses. The 9-Bus grid is modeled and 
simulated using the PSS toolbox in 
Matlab/Simulink. The single-line diagram is 
illustrated in Figure 4. 

 
 

 
Fig. 4: Single-line diagram of the 9-Bus test grid 
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5.1  Load Flow Resolution 
The stability study cannot be conducted without 
understanding the unknown variables related to the 
load flow of the grid prior to the fault. 

To resolve this, numerous algorithms have been 
developed to take the issue of nonlinear load flows. 
Among these, the Gauss-Seidel and Newton-
Raphson methods are commonly employed for load 
flow analysis and are readily available in all major 
electrical grid analysis software. 

In most instances, engineers prefer the Newton-
Raphson method due to its guaranteed convergence 
properties, [11].  

The key information derived from the study of 
power/load flow includes the amplitudes and phase 
angles of bus voltages, as well as the active and 
reactive power of transmission lines and generator 
buses. 

Figure 5 presents the resolution of load flow 
using the PSS toolbox, providing a detailed 
visualization of the computed power flow 
parameters. 

 

 
Fig. 5: Resolution of load flow using PSS toolbox 

 
Table 3. Single-line diagram of the 9-Bus test grid 

Bus Type 
PGen QGen Pch Qch U  

MW MVAR MW MVAR p.u deg 

1 PV 71.641 27.04 0 0 1.04 -9.28 

2 Swing 163 6.65 0 0 1.02 0 

3 PV 85 -10.85 0 0 1.02 -4.62 

4 PQ 0 0 0 0 1.02 -11.5 

5 PQ 0 0 125 50 1.99 -13.27 

6 PQ 0 0 90 30 1.01 -12.97 

7 PQ 0 0 0 0 1.02 -5.56 

8 PQ 0 0 100 35 1.01 -8.55 

9 PQ 0 0 0 0 1.03 -7.31 

 
In this test system, three machines are 

interconnected through a grid of nine buses, 

producing a total output of 319.6 MW. This output 
supplies an active power load of 315 MW and a 
reactive power load of 115 MVAR. The total losses 
in the transmission lines amount to 4.6 MW. Table 3 
provides a summary of the data for the various 
nodes within the IEEE 9-Bus grid. 
 

5.2  Analysis of Transient Stability 
To assess the transient stability of the network, a 
three-phase fault was selected at various buses as 
the dynamic disturbance. This fault is applied 
individually at buses 4, 5, 6, 7, 8, and 9 (totaling six 
scenarios), and for each scenario, the critical 
clearing time (CCT) is calculated to evaluate 
transient stability. Figure 6 and Figure 7 illustrate 
the changes in relative angles and active power 
outputs of the three generators following a fault at 
bus 8, with a fault duration of Td = 500 ms. 
 

 
Fig. 6: Evolution of relative angles for Td=500 ms 
 

 
Fig. 7: Evolution of active powers for Td=500 ms 
 

Following a solid three-phase fault on bus 8 
lasting for 500 ms, the relative angles of generators 
1 and 3, as well as the active power outputs of the 
various generators, begin to oscillate now of the 
fault (t = 5s) and eventually stabilize at their initial 
values. These oscillations are characterized as well-
damped. The maximum deviation of the relative 
angle for generators 1 and 3 is recorded at 140° and 
65°, respectively (both less than 180°). It can be 
concluded that the system is in a stable state. The 
evolution of the relative angles for Td = 600 ms, 
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corresponding to the same defect, is illustrated in 
Figure 8. 

In the scenario where the fault duration is 600 
ms, the oscillations of the various parameters remain 
undamped, and the relative angle of generator 1 
continues to increase. This indicates that the system 
loses synchronization and enters a state of 
instability. It is observed that the critical fault 
clearance time lies between 500 ms and 600 ms. By 
varying the fault duration in increments of 10 ms 
and assessing the stability of the system, the critical 
fault clearance time is determined to be 520 ms. The 
same procedure was applied to other faults to 
ascertain the critical clearance time for each case. 

 

 
Fig. 8: Evolution of relative angles for Td=600 ms 
 

Table 4 summarizes the different critical 
clearance times and the maximum deviation of the 
two relative angles for each fault. 

 
Table 4. Values of CCT and the maximum deviation 

angles 
Fault Location  CCT (ms) 1(°) 3(°) 

Bus 4 670 140 110 
Bus 5 870 160 100 
Bus 6 1100 160 140 
Bus 7 260 145 90 
Bus 8 520 155 90 
Bus 9 410 120 160 

 

5.3  Frequency Stability Analysis 
Frequency stability refers to the ability of an 
electrical system to maintain a stable frequency 
following a significant disturbance that causes a 
considerable imbalance between production and 
consumption. To assess the frequency stability of 
the IEEE 9-Bus system, the frequency response of 
the network is analyzed, focusing on the rate of 
change of frequency (RoCoF) and the 
minimum/maximum frequency values, known as 
Nadir, across two power imbalance scenarios: 

- Imbalance 1: Disconnection of load A 
(PA=125MW; QA = 50 MVAR). 

- Imbalance 2: Disconnection of load B 
(PB=90MW; QB = 30 MVAR). 

 
The evolution of bus voltages (in p.u) and the 

frequency response following the loss of both loads 
are illustrated Figure 9, Figure 10, Figure 11 and 
Figure 12. 

 

 
Fig. 9: Evolution of bus voltage for imbalance 1 
 
 

 
Fig. 10: frequency response for imbalance 1 
 
 

 
Fig. 11: Evolution of bus voltage for imbalance 2 
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Fig. 12: frequency response for imbalance 1 
 

In the moment of the imbalance at t = 4 s, the 
voltages of the various buses and the frequency 
begin to rise, although they do not exceed stability 
limits. This increase is a direct result of an 
imbalance between the total power generated and 
the total power consumed (PG > PL). Thanks to the 
voltage and speed regulators within the system, this 
rise is mitigated, and the voltage and frequency 
values stabilize after 30 seconds. The values of the 
rate of change of frequency (RoCoF) and the Nadir 
for each case are summarized in Table 5. 

 
Table 5. Values of RoCoF and Nadir for imbalances 

1 and 2 
Imbalances RoCoF(Hz) Nadir (Hz/s) 

1 0.6 52.05 

2 0.4 51.45 

  
According to the results, it is observed that the 

values of the frequency variation rate and the Nadir 
are higher in the case of the disconnection of load 
A. This indicates that the power imbalance in the 
first scenario is greater than in the second. 

 
5.4  Evaluation of Grid Robustness 
The robustness of the system is a common concern 
in the integration of renewable energy sources. This 
section assesses the robustness of the IEEE 9-Bus 
network at three different nodes (5, 6, and 8) by 
calculating the short-circuit ratio (SCR) to identify 
the most resilient location for connecting wind 
farms in the subsequent section. To achieve this, it 
is necessary to compute the apparent short-circuit 
power (Scci) for each bus i and divide it by the active 
power (Pi) of the load connected to the same bus.  
 
Table 6 summarizes the various values of the Scci 
and SCRi for each bus. 
 

Table 6. Values of the Scci and SCRi for each bus 
Bus Scci(MVA) Pi (MW) SCRi  

5 470 125 3.76 
6 430 90 4.77 
8 530 100 5.3 

  
The SCR values can be utilized to pinpoint the 

weak and rigid areas within the electrical system. It 
is observed that, in the IEEE 9-Bus network, bus 8 
is the most robust, exhibiting the highest SCR value 
when compared to buses 5 and 6. 

 
 

6 Impacts of Wind Turbine 

 Integration 
 

6.1 Effects of the Interconnection Point's 

 Robustness on the Transient Stability 
To assess the influence of the interconnection 
point's robustness on the transient stability of the 
grid, a 50 MW wind farm is connected under two 
distinct scenarios: 

- Case 1: A wind farm with a capacity of 50 MW 
is connected to node 8 (SCR8 = 5.3). 

- Case 2: A wind farm with a capacity of 50 MW 
is connected to node 5 (SCR5 = 3.76). 

 
The critical clearing times (CCT) for fault 

elimination are calculated for each case, followed by 
a comparison of the results obtained. In the base 
state of the network, without the connection of the 
wind farm, the CCT values vary depending on the 
type of fault. When the wind farm is connected to 
the network at bus 8 or bus 5, the CCT values 
decrease, resulting in less time for the grid to 
respond before entering a state of instability. 

The CCT values for each scenario baseline, 
Case 1, and Case 2 are summarized in Table 7. 

 
Table 7. Comparison of CCT values for the cases: 

baseline, 1, and 2 
Fault 

location 
CCT  

base case(ms) 
CCT  

Case 1(ms) 
CCT  

Case 2(ms) 
Bus 4 670 560 420 
Bus 5 870 700 320 
Bus 6 1100 980 950 
Bus 7 260 150 140 
Bus 8 520 220 300 
Bus 9 410 300 280 

 
 Based on the results obtained, it is observed that 
the CCT values for case 2 are all lower than those 
for case 1, except for the fault in bus 8 where the 
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wind turbine is connected. These findings indicate 
that as the short-circuit ratio (SCR) at the 
interconnection point of the renewable energy 
source (RES) decreases, the CCT values also 
decrease, thereby adversely affecting the transient 
stability of the network. 
 
6.2  Effect of Total System Inertia on RoCoF 
To assess the impact of reduced total system inertia 
(Hsys) on the frequency stability of the network, 
one of the two generators, 1 or 3, which have 
different inertia constants, is replaced with a MADA 
wind farm of equivalent power. Subsequently, the 
other synchronous generator is lost, and the 
frequency response is evaluated, followed by the 
calculation of the RoCoF values obtained for both 
scenarios. 

- Case 1: The synchronous machine 1 (H1=9.55 s) 
is replaced with a wind turbine of equivalent 
power (72 MW), followed by the disconnection 
of synchronous machine 3. 

- Case 2: The synchronous machine 3 (H3=2.35 s) 
is replaced with a wind turbine of equivalent 
power (85 MW), followed by the disconnection 
of synchronous machine 1. 

 
The frequency response for Case 1 and Case 2 

are illustrated in Figure 13 and Figure 14, 
respectively. 

 
Fig. 13: Frequency response for case 1 
 

 
Fig. 14: Frequency response for case 2 

 In both simulation scenarios, following the 
disconnection of a synchronous generator at t=4 s, 
the frequency of the grid begins to decline for a 
duration of 2 to 3 seconds after the fault occurs, 
ultimately reaching its lowest point, referred to as 
the Nadir. The graphically calculated RoCoF values 
and the Nadir for each case are compiled in Table 8. 
 

Table 8. Comparison of RoCoF and Nadir values 
obtained for cases 1 and 2. 

 RoCoF(Hz) Nadir (Hz) 

Case 1 1.25 47.6 

Case 2 0.85 48.9 
  

It is observed that RoCoF1 is greater than 
RoCoF2, while Nadir1 is less than Nadir2. This 
indicates that the frequency variation, primarily 
caused by the power imbalance, is more significant 
in case 1. To explain this difference in the frequency 
responses of the system, the total inertia of the 
system is calculated for each case based on equation 
7. 

𝐻𝑠𝑦𝑠1 =
(3.33×3.10)+(2.35×2.80)

260+310+280
= 1.99 𝑠        (12) 

 
𝐻𝑠𝑦𝑠2 =

(9.55×2.60)+(3.33×3.10)

260+310+280
= 4.14 𝑠       (13) 

 
 The replacement of the generator with the 
highest inertia by a wind farm of equivalent capacity 
(case 1) results in a significant reduction of the total 
system inertia (Hsys 1 = 1.99 s), which subsequently 
leads to an increase in the rate of change of 
frequency (RoCoF).  
 It is further confirmed that as the total system 
inertia decreases (Hsys1 < Hsys2), the value of RoCoF 
increases (RoCoF1 > RoCoF2). 
Based on the results obtained, the following 
conclusions can be cited: 
 Conventional generators store kinetic energy 

within their rotating components. 
 The stored kinetic energy is released or absorbed 

directly in response to a disturbance, thereby 
enhancing the initial frequency response of the 
system. 

 The transition from conventional generators to 
wind farms has resulted in a reduction in system 
inertia and a deterioration of frequency stability. 

 The significance of the location of these wind 
farms cannot be overlooked. 

 Most renewable energy sources installed far from 
the main grid have weak and insufficiently 
robust connection points, leading to a decline in 
transient stability (reduction in CCT) and voltage 
stability. 
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7   Conclusion 
In this study, we conducted an analysis of the effects 
of integrating wind energy sources on the frequency 
stability of the electrical grid, utilizing a set of 
indicators to assess grid stability and robustness. We 
began our investigation with a brief overview of 
electrical grid stability and the challenges posed by 
the integration of renewable energy sources. 

These resources have limited participation in 
frequency and voltage control services. Regulatory 
requirements for their integration (GCR) are 
established by electrical network operators. In the 
second section, we presented various stability 
indicators (critical clearing time, inertia, and rate of 
change of frequency) along with different methods 
for evaluating network robustness (SCR, WSCR, 
and CSCR). Simulations conducted on the IEEE 9-
Bus grid revealed the various impacts associated 
with the integration of wind farms and demonstrated 
the influence of system inertia and the robustness of 
the connection point on stability indicators. The 
simulation results indicate that an increase in the 
penetration rate of wind turbines in the grid leads to 
negative impacts on CCT, RoCoF, Nadir, and SCR 
parameters. This is attributed to a reduction in 
overall inertia. To mitigate these impacts, it is 
necessary to reassess the triggering thresholds of 
various protections, their selectivity, and the RoCoF 
thresholds used in the load-shedding plans of the 
electrical grid. 
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