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Abstract: - This paper investigates the impact of renewable energy source (RES) integration on the small-signal 
stability of interconnected power systems using linear modal analysis. Unlike conventional synchronous 
generators, inverter-based RESs are non-dispatchable and do not inherently contribute rotational inertia or 
governor-based damping. Their increasing penetration consequently degrades system frequency response, 
leading to a higher rate of change of frequency (RoCoF) and a lower frequency nadir following disturbances. 
Modal analysis reveals that both interarea and local electromechanical oscillation modes experience reduced 
damping as RES penetration levels rise. Furthermore, wind power integration introduces a distinct low-
frequency interarea oscillatory mode not observed with equivalent photovoltaic (PV) integration. A modified 
Kundur two-area test system is employed to model these scenarios, wherein wind and solar farms progressively 
replace conventional synchronous generation to evaluate their influence on system dynamic stability. 
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1 Introduction 
To deal with carbon emissions and climate change, 
more countries worldwide are turning to renewable 
energy sources that are moving away from fossil 
fuels toward clean energy sources like wind and 
photovoltaic plants, which generate electricity 
without directly emitting carbon and hence 
contribute to a sustainable and green energy system. 
Renewable energy sources, by their very nature, 
fluctuate in energy output according to weather and 
environmental factors. However, such fluctuations 
penetrating the electrical grid change the dynamics 
considerably. The increasing RESs need to change 
infrastructure, operating practices, and control 
policies to face new challenges while ensuring a 
stable and reliable supply of power. 

Modern electrical grids have developed into 
large-scale and increasingly complex systems 
because of advances in technology and a growing 
demand for energy, which has led to a much larger 
integration of renewable energy sources such as 
solar and wind power. However, these renewable 
sources face fundamental challenges. Impediments, 
not least, the lack of inertia normally provided by 
traditional systems, [1]. This is because solar power 

plants lack inertia; their output gets dynamically 
affected by external drivers such as temperature and 
solar radiation. This is because they fall under the 
category of static generation techniques. In the case 
of wind turbines, even though there is a generator 
that ensures the conversion of mechanical energy to 
electrical energy, its rotational speed depends on the 
wind speed, hence bringing about continuous 
changes in output power. This condition results in a 
power generation mismatch, which creates an issue 
in making the operation of the air turbines in 
cohesion with that of the grid at the same time hence 
posing a problem to the integration of the grid, [2]. 
The stability of the power system together with 
issues to do with the frequency response, becomes 
highly contentious in the absence of governor 
damping and natural inertia. Too little damping may 
cause the fluctuations in voltage and frequency 
variations to increase much faster, which would also 
increase the probability of instability and power 
outages and may result in harm to the system and its 
components. 

In this work, we present a review   to estimate 
the stability potential of power systems. Among 
them is the power system strength which measures 
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the ability and restoration capabilities of the system 
to return all nodal voltages to their specified range 
under steady-state and after disturbances. We also 
analyze parameters like Inertia, Rate of Change of 
Frequency. Those would indeed ease carrying out 
detailed assessments and comprehension of the 
dynamic properties of the electrical network and 
analysis of behavior under diverse aspects. 
Operators use the indicators to facilitate forecast 
activities. Meanwhile, operators apply these 
indicators so they could pinpoint areas subject to 
vulnerabilities and develop measures leading 
towards an improvement in grid resilience and 
overall grid stability. 

The purpose of this paper is to investigate the 
dynamic characteristics of the power system 
inherent to a massive renewable energy 
penetration. The dynamic aspects of these 
production sources connected to the grid will be 
treated by linear modal analysis. This method will 
be applied on a bizonal electrical network to treat 
low frequency, local and interarea oscillations, as 
well as the impact of renewable energies on the 
inertia's system and RoCoF. 
 

 

2 Interconnected Power System 
Interconnected power systems are gradually 
developing keeping pace with the large scale of 
RES integration into grid particularly wind and 
solar plants. For example the case of the North 
American electricity grid (the four giant 
synchronous system the east, west, Quebec and 
Texas interconnections) or developing the 
Maghreb and euro-Mediterranean interconnection 
like Tunisian grid, as depicted in Figure 1, [3]. 
 

 
Fig. 1: North Africa grid interconnection 
Source: created by the authors 

 
A description of each of the three major grid 

interconnection types provides context for their 
respective functions in overall power system 
integration, [4]. 
 
 
 

2.1 AC Power System Interconnection 
This interconnection is usually through 
transformer substations, which pair up power grids 
together, by managing and balancing the voltage 
accordingly for power supply. The systems react 
to one another in real time, allowing energy to 
transfer across the network with minimal 
interruption. 
 
2.2 DC Power System Interconnection 
Here, high-voltage direct current (HVDC) 
transmission lines are employed in the 
interconnection of two power systems using 
converters at both the ends. An AC to DC 
conversion is made by a rectifier at the sending end, 
and an inverter at the receiving end converts DC 
back to AC. The use of electronic control systems 
on power switches enables control of voltage during 
steady-state and dynamic operation and thus 
provides very flexible interconnection between 
asynchronous systems. 
 
2.3 Hybrid AC/DC Power System 

 Interconnection 
The principle involves transmission of both AC and 
DC and is best suited to large grid systems. The 
technique takes maximum benefit from the merits of 
both AC transmission for distribution locally and 
DC for effective transmission over long distances 
for improved power system performance and 
stability. 
 

 

3 Overview of Power System Issues 

 Associated with RES integration 
RES penetration in the electrical grid affects its 
dynamic and static behaviour particularly the 
frequency, rotor angle and voltage stability, for 
massive penetration of wind or photovoltaic plants 
these effects depend on both the used wind turbine 
technology and the penetration rate in the electrical 
network various studies have pointed out that PV 
and wind generation cause a disturbed regime which 
can be composed in two regime the transient regime 
occurs just after integration and the dynamic regime 
corresponds to slower phenomena and occurs after 
the transitional period that may last to several 
minutes, [5]. It can be shown that with a low 
penetration rate the grid will keep its stable state 
whereas on the other hand for a high integration of 
RES the network can result in an instability case, 
[6].  
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3.1 Frequency Response with Consideration 

 of RES Integration 
Frequency stability is the tendency of a system 
to return to its original state after some disturbance 
in the network disturbances, [7]. Normally, it arises 
owing to some cause which in most cases is 
identified as reducing system inertia, which is an 
essential factor for keeping the stability of electrical 
systems, it tends to enable the network to absorb the 
frequency deviations happening just after any 
sudden mismatch between generation and 
consumption. Normally, due to a generator or a load 
loss, synchronous inertia can be termed kinetic 
energy stored in the system, [8], [9]. 

The swing equation describes the relationship 
between the correlation between frequency response 
and rotational inertia of the grid [10], underscoring 
the critical role of inertia in maintaining grid 
stability [11]. 
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The rated rotor angular speed is denoted by ω (in 

rad/s); the equivalent kinetic energy of the 
synchronous generator (SG) is represented by EK; 
the moment of inertia is given by J (in kg·m²); the 
inertia constant of the SG is denoted by H; and the 
system’s rated apparent power is indicated by SB (in 
kW). 

Generally, the equivalent inertial constant of an 
electrical system comprising N synchronous 
machines and M renewable energy sources can be 
determined by applying the following mathematical 
relationship: 
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In contrast, renewable energy sources (RES) 
typically lack inherent rotational inertia and cannot 
provide an immediate inertial response or release 
stored kinetic energy following a disturbance. 
Consequently, the reduced aggregate system inertia 
exacerbates the RoCoF during grid contingencies, 
[12]. Elevated RoCoF values intensify transient 
frequency deviations, resulting in deeper frequency 

nadirs and more pronounced overshoots. Such 
severe excursions can trigger the maloperation of 
under/over-frequency protection relays, leading to 
unintended circuit breaker tripping and the 
inadvertent isolation of critical generation or 
transmission assets. Under severe operating 
conditions, these unintended disconnections may 
precipitate cascading failures, potentially 
culminating in widespread load shedding or 
complete system blackouts, [13]. The dynamic 
relationship between active power imbalance and 
frequency deviation is governed by the swing 
equation, which can be determined by this formula: 
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Figure 2 demonstrates how low-inertia systems 

suffer sharper frequency drops (Fast RoCoF), deeper 
nadirs, and larger steady-state offsets compared to 
high-inertia systems, highlighting the critical role of 
inertia in stabilizing grid frequency response, [14], 
[15]. 

 

 
Fig. 2: Effects of low inertia power system on 
frequency response  
Source: created by the authors 

 

3.2 Voltage Stability with Consideration of 

 RES Integration 
An electrical grid manifests voltage stability through 
its capability to keep admissible voltage levels in 
different bus bars beneath regular working and 
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directly after an intervention or emergency voltage 
fluctuation [16], which arises mainly  when a slight 
decrease or increase in the voltage in different bus 
bars until the climax point, is almost reached when 
voltage dip briskly or energy demand is greater than 
the network capacity, [17]. 

Wind power plants are discontinuous in nature 
and contributing to unexpected voltage fluctuations, 
if recovery is not done faults can occur large faults 
can produce voltage volatility. In wind power 
generators equipped with squirrel cage induction 
generators (SCIG) when a disturbance occurs the 
inequality between the mechanical power obtained 
from the wind and the power supplied to the grid 
causes the induction generator to accelerate, if the 
voltage is not restored the wind generator will 
continue to accelerate and consume a large 
proportion of reactive power, this causes a voltage 
drop. Conversely, synchronous generator-type 
variable-speed wind turbines accelerate voltage 
recovery after a fault because their exciters increase 
reactive power production through voltage sags. 
Additionally, the sensitivity of static converters to 
fault over currents caused by voltage sags can have 
a detrimental effect on mains voltage stability. 
Photovoltaic generation has unique characteristics in 
voltage and reactive power control, so voltage 
stability is affected when replacing synchronous 
generators with photovoltaic plants. 

By using a simple electrical system such as a 
two-bus bars system depicted in Figure 3, we can 
analyze the basic concept of voltage stability, [18]. 

 

    
Fig. 3: One line diagram of infinite bus system with 
a RES power plant  
Source: created by the authors 

 
Within the system, the charge is assumed to be of 

constant power type, the real power move from the 
sending-end buses (Bus 1 and Bus 2) combines at 
the intermediate coupling bus (Bus 3) before being 
transmitted to the receiving-end infinite bus (Bus 4). 

 Under conditions of zero renewable energy 
penetration: 

Active power generation exhibits the conventional 
sinusoidal steady-state behavior characteristic of 
synchronous machine-dominated systems: 
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 Under conditions of RES integration: 
The following derivations can be expressed: 
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Squaring both sides of the preceding equations 

and summing the resulting terms yields an explicit 
expression for VRES:    
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(8)          
 

The impedance-based index for a distribution 
system with single-infeed renewable energy 
integration can be expressed as: 
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Where ∣Z∣ denotes the magnitude of the vector. 

Based on Equation 6, the system exhibits static 
voltage stability for KRES >1, reaches critical 
stability at KRES =1, and becomes voltage-unstable 
when KRES <1. 

A range of tools is employed to estimate voltage 
stability including but not limited the P-V curve and 
Q-V curve methods, as illustrated in Figure 4, being 
among the most common approaches, [19], [20], 
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these two primary techniques are widely applied to 
predict voltage stability, they are constructed 
through a sequence of power flow analyses and 
serve to identify the load limits of a power system, 
P-V curves in particular are developed by 
progressively increasing both the real and reactive 
power loads until a critical voltage threshold is 
attained, [21]. 

 

 

 
Fig. 4: (a) Power voltage (P-V) and (b) Reactive 
voltage (Q-V) curves for voltage stability analysis 
Source: created by the authors 

 
3.3 Rotor Angel Stability with Consideration 

 of RES Integration 
Rotor angle stability is the capability of a 
synchronous machine associated to an electrical grid 
to remain in synchronization during regular 
operations conditions and after being subjected to 
perturbation, the stability problem revolves around 
analyzing the electromechanical oscillations. 
Naturally, present in electrical systems at its core 
the problem arises from how the output of a 
synchronous machine fluctuates in reaction to rotor 
oscillations,  [9], [22]. 

The equal area criterion (EAC) is a graphical 
approach for assessing whether a synchronous 
machine can regain synchronism after a disturbance 
such as a sudden increase in load or a fault in the 
system, it involves a comparison of areas under the 

power-angle curve representing the power output of 
the generator as a function of the rotor angle, [18].  

 
The relationship between rotor angle and 
accelerating power is expressed as follows: 
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As Pe  is a nonlinear function of δ, the equation 

resists direct solution. By multiplying both sides by 
2dδ/dt, the expression becomes: 
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Following a disturbance, the speed deviation 

dδ/dt deviates from its initial zero state. For 
transient stability, the rotor angle δ must remain 
bounded, implying it reaches a maximum excursion 
before reversing direction. This physical constraint 
necessitates that the speed deviation returns to zero 
at a finite time post-disturbance. The stability 
criterion is formulated as: 
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-Pre-fault condition: before the fault, the grid is at a 
steady-state operating point with an electric network 
transfer where the mechanical power Pm supplied 
balances the system Pe.  
-During fault: when a three-phase fault happens, the 
yield of the generators electrical grid drops to nearly 
zero because the power failure reduces the effective 
power transfer capability to almost zero.  
-Post-fault condition: once the fault is cleared, the 
system returns to a new operating condition the 
network is usually less than 𝑃𝑒because of variations 
in system impedance or configuration. 

Stability can be determined by comparing two 
areas on this graph for the network to keep stable 
(A1=A2). If (A1 > A2), the grid will lose 
synchronism because the rotor will accelerate 
beyond control. The energy gained is: 
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The energy lost during deceleration as δ changes 

from δ1  to δm is given by: 

WSEAS TRANSACTIONS on POWER SYSTEMS 
DOI: 10.37394/232016.2026.21.12 Mabrouka Ghiloufi, Lassaad Sbita

E-ISSN: 2224-350X 137 Volume 21, 2026



 
max

2
cr

Deceleration e mA A P P d




                (14) 

 
In the context of transient stability analysis based 

on the equal-area criterion EAC illustrated in Figure 
5, the critical clearing angle (CCA), denoted as  δcc  
, and its corresponding critical clearing time (CCT), 
denoted as  tcc  , constitute fundamental metrics for 
assessing the maximum permissible fault duration 
prior to irreversible loss of synchronism. 
Specifically, the CCA represents the maximum rotor 
angle deviation at which a fault must be cleared to 
ensure that the accelerating area does not exceed the 
available decelerating area, thereby preserving post-
fault stability. The CCT, in turn, denotes the 
temporal equivalent of the CCA. Mathematically, 
under the classical swing equation framework, these 
quantities can be expressed as follows: 
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Fig. 5: Equal Area Criterion for a Three-Phase Fault 
in Power System  
Source: created by the authors 

 
Transient stability addresses large disturbances 

causing significant rotor speed, angle, and power 
fluctuations, typically unfolding within seconds in 
RES-integrated power systems. Rotor angle stability 
analysis relies on key assumptions: balanced three-
phase conditions, small frequency deviations from 
synchronism, and steady-state network/impedance 
loads. During short circuits, high-frequency currents 
appear in generators, while voltages, currents, and 
powers remain computable via standard power flow 
equations.  

Small-signal stability refers to a power system's 
ability to maintain synchronism under minor 
disturbances, such as small load switching or line 

tripping, which can otherwise trigger sustained 
oscillations.   

The oscillation modes arise: local modes (0.8 to 
2 Hz), involving single or co-located generators, and 
inter-area modes (0.1 to 0.8 Hz), where generator 
groups in different areas oscillate against each other,  
[6].   

Notably, wind turbine integration can introduce 
novel inter-area oscillation patterns, further 
complicating small-signal stability assessment in 
renewable-rich grids. Wind turbines retain 
mechanical rotational dynamics coupled with multi-
loop converter controls, creating electromechanical–
electromagnetic interactions that can shift mode 
shapes, reduce damping, or generate new low-
frequency coupling between distant generator 
groups. Photovoltaic systems are purely inverter-
based with no rotating mass; their dynamics are 
dominated by fast current/voltage regulation and 
DC-link control, which typically only modulate or 
damp an existing dominant inter-area mode through 
power redistribution or PLL interactions rather than 
creating new coupling pathways. Consequently, 
WTs often introduce novel inter-area oscillation 
patterns, whereas PV integration typically 
influences only one primary inter-area mode. 
 

 

4 Description of the Studied Power 

 Systems 
 
4.1   Kundur Two Areas Power System  
The network used for the study in Figure 6 is a four 
generator and 11 node system. It has a two 
symmetrical area structure. In each of these areas, 
two generators and two load buses are placed. An 
interconnect bus connects all these. Importantly, this 
network is composed of fully equivalent generators 
with a rated capacity of 900 kVA connected to an 
operational voltage of 20 Kv, [6], [23]. 

A photovoltaic  system (PV) is connected to 
Area 1 at Bus 6, and a wind farm (WT) is connected 
to Area 2 at Bus 10, each connected to the grid 
through a transformer and a line Impedance Z = 
j0.001 p.u., as shown in Figure 6. The wind speed 
model is based on a Weibull distribution with a 
scale parameter of c = 2 and a shape parameter of k 
= 9. The rated power of each wind turbine is 2 MW. 
Table 1 shows that the increase in renewable 
generation is offset by a decrease in synchronous 
generator output. This reduction in generation 
corresponds to a decrease in their scheduled active 
power operating point, and consequently, the 
equivalent system inertia decreases proportionally. 
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Fig. 6: Single-line diagram of the Kundur test 
system integrating photovoltaic and wind farms 
Source: created by the authors 

 
Table 1 shows the static state of the network 

before the integration of the renewable energy. The 
network has symmetry in both production and 
loading areas while the G4 generator serving as the 
balance node. 
 

Table 1. The static state of Kundur 
Bus V Phase 𝐏𝐠 𝐐𝐠 𝐏𝐋 𝐐𝐋 

01 1,03 0,3533 7 1,8245 0 0 

02 1,01 0,1830 7 2,2843 0 0 

03 1,03 -0,1186 7,1890 1,7242 0 0 

04 1,01 -0,2963 7 1,9355 0 0 

05 1,0068 0,2406 0 0 0 0 

06 0,9791 0,0648 0 0 0 0 

07 0,9628 -0,0815 0 0 9,67 -1 

08 0,9482 -0,3231 0 0 0 0 

09 0,9738 -0,5602 0 0 17,67 -2,5 

10 0,9848 -0,4138 0 0 0 0 

11 1,0088 -0,234 0 0 0 0 
Source: created by the authors 

 
Table 2 presents the active power generation 

dispatch for the synchronous generators (G1–G4) 
and renewable energy sources (PV and WT) across 
varying levels of RES penetration. The data is 
categorized by control area (Area 1 and Area 2) and 
expressed in per-unit (pu) values. The scenarios 
range from a 0% RES penetration Base Case (B.C.) 
to a high penetration level of 60%. As illustrated in 
the table, increasing RES penetration results in a 
corresponding reduction in the output of 
conventional synchronous generators to 
accommodate the rising contribution from PV and 
wind turbine units. 

 

Table 2. Active power output of synchronous 
generators PV, and WT for various res penetration 

scenarios 
RES  

Penetration  

(%) 

Active Power Generation (pu) 

Area 1 Area 2 

PV G1 G2 WT G3 G4 

0% (B.C) 0 7 7 0 7.1902 7 
10% 1.4 6.3 6.3 1.4 6.490 6.3 
20% 2.8 5.6 5.6 2.8 5.791 5.6 
40% 5.6 4.2 4.2 5.6 4.386 4.2 
60% 8.4 2.8 2.8 8.4 2.9 2.8 

Source: created by the authors 
 
4.2 Stability Analysis with Consideration of 

 RES Integration 

This subsection investigates the dynamic response 
of the point of interconnection (POI) voltage of the 
renewable energy source as a function of the 
available fault level, the power injected by the 
inverter-based RES , and its location within the 
network, [24], [25]. The complex AC power output 
of the RES, defined as RES=PRES +jQRES  , is 
expressed in the synchronous d-q reference frame as 
follows: 
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Linearization of the preceding equations results 

in the following differential relationship among the 
incremental changes in the RES terminal voltage 
∆VRES, d and ∆VRES, q, current ∆IRES, d and ∆IRES, q, and 
output power ∆PRES and ∆QRES: 
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             (18) 

 
By rearranging equation (18), the voltage 

deviations ΔVRES,d  and  ΔVRES,q  can be expressed in 
terms of  ΔPRES  ,  ΔQRES  ,   ΔIRES,d  , and  ΔIRES,q  as 
follows: 
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,
, ,

,q
, ,

RES RES

RES d
RES d RES q

RES RES

RES
RES d RES q

a P b Q
V

c I d I

b P p Q
V

q I r I

   
        

   
        

           (19) 

  
The resulting state-space model is given by [26]: 

x A x B u

y C x D u

    

    
                    (20) 

 

Where the state vector
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And  1 2B B B  
Where  

 

 

1 2

1 2 0

3 0 4
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      

 
    

 
 

 
    
 
 

 
The point-of-interconnection voltage magnitude 

is selected as the system output. Accordingly, the 

output equation of the linearized state-space model 
is expressed as: 

POI

y C x D u

y V C X

    

    
                  (21) 

Where ,q,0,0, , ,0,0POIPOI d

POI POI

VV
C

V V

 
  
  

 

 
The mode associated with an eigenvalue I  

shows time-dependent behavior, resolved by ite
 . 

As a result, eigenvalues have a significant impact on 
power system stability. A real eigenvalue correlate 
to a non-oscillatory mode. If the real eigenvalue is 
negative, the mode decays at a faster pace as the 
magnitude grows. On the other hand, a positive real 
eigenvalue suggests periodic instability. When 
complex eigenvalues appear in conjugate pairs, each 
pair denotes an oscillatory mode. The real 
component of the eigenvalue dictates the damping 
effect, whereas the imaginary part affects the 
oscillation frequency, [27], [28]: 

 
j                                      (22) 

 
In Hertz, the frequency of the oscillation is defined:  

2
f




                                   (23) 

 
In this way, the damping ratio is given:  

2 2

 


  
   


                  (24) 

 
 

5 Simulation Results 
 

5.1 Eigenvalue and Stability 
Renewable energy integration into the test system 
leads to a reduced inertial contribution of 
synchronous machines, which reduces their 
damping rate nevertheless higher RES penetration 
into the test system constitutes a possible issue to 
system stability. Figure 7 shows eigenvalues for 
60% levels of res penetration notably the presence 
of positive eigenvalues indicates instability within 
the system. 
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Fig. 7: Eigenvalue trajectories for 60% penetration 
levels 
Source: created by the authors 

 
5.2 Rotor Angel Stability and Inter-Area 

 Oscillation Damping 
Linear modal analysis is carried out on the Kundur 
network without RES. Based on the modal 
frequency analysis three modes are identified: two 
local modes and an interarea mode: 
-Local Mode 1: It shows the oscillatory action of 
generator G1 relative to generator G2 within area 1 
boundaries. 
-Local Mode 2: It shows the oscillation of generator 
G3 relative to generator G4 within area 2 
boundaries. 
-Interarea Mode: It describes the oscillatory 
characteristics of the generators in area 1 relative to 
those in area. 
 
The mode shape for the inter-area mode is presented 
in Figure 8. 
 

 
Fig. 8: Mode shape for the inter-area mode  
Source: created by the authors 

 

Table 3 shows the linear modal analysis results 
of the Kundur test system: the linear frequency 
interarea mode 0.49Hz, and the local frequency 
modes 0.984 Hz and 0.959 Hz without renewable 
energy, [29].   

 
Table 3. State matrix eigenvalues for Kundur test 

system without RES 
Eignevalue Damping Frequency 

Oscillation 

mode 

-0,35803   
±3,11666 0.1156 0,49603184 Interarea 

mode 
-0,80508   
±6,20135 0.1309 0.98487550 Local Mode 

1 
-0,69865   
±6,02697 0.1168 0.95922206 Local Mode 

2 
Source: created by the authors 

 
Table 4 presents the result of linear modal 

analysis conducted. As can be observed, a new 
interarea mode exists at 0.17 Hz frequency with 
higher damping compared to the interarea mode that 
exists when there is no RES, which has a frequency 
of 0.49 Hz. Raising the integration rate of RES, 
however, results in reduction of damping of the 
modes until it leads to negative damping at a 60% 
integration rate. 

 
Table 4. Kundur network oscillation modes 

integrating the RES 
Case Eigenvalue 

Dampi

ng 
Frequency 

Oscillation 

mode 

10%
RES 

-0,27689±3,29761 0.0843 0.52483093 Interarea 
Mode 

-0,45423±1,09035 0.4582 0.17353459 Interarea 
Mode 

-0,807045±6,1925 0.1314 0.98558130 Locale  
Mode 1 

60%
RES 

-0,30083±3,25904 -0.0919 0.51869312 Interarea 
Mode 

-0,36912±2,75460 0.1352 0.43840900 Interarea 
Mode 

-0,808545±6,1933 0.1316 0.98569430 Locale 
Mode 1 

Source: created by the authors 

 
The angular speed responses of the four 

generators are depicted in Figure 9 for two 
renewable penetration cases: (a) 10% and (b) 40%. 
Comparison of the two cases reveals that the higher 
penetration level (40%) results in increased 
oscillation magnitude during the transient period 
and less effective damping, with oscillations 
persisting for a longer duration before reaching 
steady-state equilibrium. 
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Fig. 9: Angular speed responses: (a) 10% RES 
penetration; (b) 40% RES penetration  
Source: created by the authors 

 

 
(a) 

 
(b) 

Fig. 10: Variation of (a) Damping and (b) 
Frequency with RES Penetration Level  
Source: created by the authors 

Figure 10 depicts the important influence of 
RES on damping and mode frequency affecting both 
inter-area and local modes, as the contribution of 
renewable energy increases the frequency of these 
modes rises accompanied by a reduction in their 
damping, efficiency this phenomenon aligns with 
the observed attrition in the networks equivalent 
inertia which is directly attributed to the increased 
integration of renewable energy production, [30]. 
 
5.3 Frequency Stability: System Inertia and 

 RoCoF 
Renewable energy sources based on solar and wind 
energy are supplied to the grid by power electronic 
converters. These converters work to isolate 
renewable energy production from grid frequency 
fluctuation, hence making them incapable of 
stabilizing the grid in case of frequency fluctuation 
or adding system inertia. Traditional power 
generators, however, use rotating masses that store 
kinetic energy, hence imparting natural inertia to the 
system. Since solar power plants are fixed systems 
of power generation, they do not necessarily have 
the capability of imparting inertia. Wind turbines, 
on the other hand, generate electricity through 
spinning blades attached to an inertial-type 
generator, [31]. However, such inertia cannot be 
transferred to the electric grid in a smooth manner 
due to differences in the turn rate of turbines caused 
by asymmetrical wind conditions. Hence, solar and 
wind power stations, due to their different modes of 
operation, have it difficult to offer inertia support to 
the electric power system. 

Table 5 shows that the increase in renewable 
generation is balanced by an equal decline in system 
inertia. 
 
Table 5. Inertia constants of synchronous generators 
in area 1 and area 2 under different RES penetration 

levels 
RES  

Penetration  

(%) 

Inertia H  
Area 1 Area 2 

G1 G2 G3 G4 

Basic case (0% RES) 6.5 6.5 6.175 6.175 
10% RES 5.85 5.85 5.73 5.56 
20% RES 5.2 5.2 5.11 4.94 
40% RES 3.9 3.9 3.87 3.71 
60% RES 2.6 2.6 2.63 2.47 

Source: created by the authors 

 
Figure 11 demonstrates that the high renewable 

energy integration leads to a reduction of inertia 
constant, this decline leads to faster RoCoF and 
more significant frequency deviations. 
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For instance in the case of 40% renewable 
energy penetration the system exhibits the fastest 
RoCoF and the frequency nadir drops more 
compared to other penetration levels. We can 
conclude that lower system inertia constant 
accelerates the RoCoF and amplifies deviations 
from nominal frequency values, thereby increasing 
the risk of grid instability, [32], [33]. 
 

 
Fig. 11: Frequency response for kundur test system 
integrating various levels of RES rate 
Source: created by the authors 

 
5.4 Voltage Profile 
The power output of wind turbines is inherently 
dependent on the distribution of wind speed. Under 
low-wind conditions, turbine generation may fall 
below required thresholds, while high-wind regimes 
can lead to overproduction, necessitating 
curtailment or grid support measures. Similarly, 
photovoltaic generation is subject to diurnal and 
seasonal variability. These stochastic characteristics 
introduce rapid and unpredictable fluctuations in 
active power injection, which can challenge voltage 
regulation and compromise steady-state stability, 
particularly in distribution grid with high integration 
of inverter-based resources. Power systems are 
designed to operate efficiently under stable voltage 
profiles; however, the intermittent nature of 
renewable energy sources can induce significant 
voltage deviations. In weakly interconnected or 
lightly loaded networks, such deviations may 
manifest as sustained oscillations or transient 
instability, thereby increasing the burden on voltage 
control mechanisms. Figure 12 presents the steady-
state voltage magnitude and phase angle profiles, 
alongside real and reactive power flows at each 
busbar. The voltage magnitudes remain within 
acceptable limits, though localized variations reflect 
the influence of distributed generation and load 
patterns. Reactive power injections exhibit 
pronounced spatial heterogeneity, indicating 

potential stress on local voltage regulation 
capabilities. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.12: (a) Voltage magnitude profile, (b) Voltage 
phase profile, (c) Real power profile, and (d) 
reactive power profile 
Source: created by the authors 

 

WSEAS TRANSACTIONS on POWER SYSTEMS 
DOI: 10.37394/232016.2026.21.12 Mabrouka Ghiloufi, Lassaad Sbita

E-ISSN: 2224-350X 143 Volume 21, 2026



Figure 13 depicts the terminal voltage responses 
of the four synchronous generators following a 
disturbance. The plots reveal initial transients 
followed by convergence toward new equilibrium 
points, with Generator 1 exhibiting the most 
pronounced overshoot due to its proximity to the 
disturbance source. The damping characteristics 
suggest that, despite high renewable penetration, the 
system retains sufficient synchronizing torque to 
stabilize post-disturbance dynamics, provided that 
conventional generators remain online and 
contribute inertial and reactive support. These 
results underscore the critical role of synchronous 
machines in maintaining voltage stability under 
high-renewable scenarios, even when operated near 
minimum loading. Strategic deployment of grid-
forming inverters or dynamic reactive compensation 
may further enhance resilience, particularly in 
systems transitioning toward inverter-dominated 
architectures. 

 

 
Fig. 13: Terminal voltage responses of the four 
generators 
Source: created by the authors 

 

 

6 Conclusion 
This work presents a comparative analysis of the 
Kundur two-area test system augmented with 
photovoltaic (PV) and wind energy sources under 
increasing levels of instantaneous renewable 
penetration. Linear modal analysis of the modified 
bizonal network yields the following key 
observations:  
- The integration of a doubly-fed induction 
generator (DFIG)-based wind farm introduces an 
additional oscillatory mode in the interarea 
dynamics of the system.  
- In contrast, the incorporation of PV generation 
does not produce a new interarea oscillatory mode.  

- Increasing the combined penetration level of PV 
and wind generation reduces modal damping, 
eventually resulting in negative damping and 
consequent degradation of system stability.  
- At high instantaneous penetration levels of 
inverter-based resources, maintaining synchronous 
generators in operation, even at minimum MW 
output, can enhance damping of electromechanical 
oscillations and contribute to overall system 
stability. 
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