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 The impact of previous energy crisis gives an insight into what happens when the oil price 
crashes. Μany countries were affected due the slow reaction in boosting the economic growth 
in key sectors such as oil-importing activities and the economic restructuring progress to face 
the challenges. But the present energy crisis resulting from the COVID-19 pandemic period 
and closure of many borders, has encouraged power distributors and generators to have 
recourse to renewable energy for grid integration. Countries such as USA, Germany, Italy, 
Spain and India are moving towards increasing the share of renewable energy on the grid. 
The increasing use of solar power systems over the past few years is being favoured for the 
decarbonization process. The percentage growth in integrating solar PV energy is forecasted 
to reach 23% in the future. This widespread   application of renewable power energy sources 
(RES) such as wind and solar power comprise of many challenges namely power quality and 
stability. With this consequent increase in RES, synchronous generators are being displaced 
and replaced by power electronics grid interface, which reduces the overall rotating masses, 
hence the system inertia. Stability study in the presence of renewable energy is therefore an 
important aspect to be considered to meet the required power quality of the grid. This paper 
brings forward the use of equal area criterion (EAC) method for assessing the stability of the 
power system network with presence of renewable energy such as solar energy system in the 
generation portfolio. EAC provides an effective visual and analytical approach for transient 
stability analysis. The investigations have been performed within the steady and transient 
conditions in form of a 3-phase fault. The modelling and analysis were carried out using 
MATLAB/Simulink. Calculation of the critical clearing time (CCT) for stability assessment is 
the main contribution to knowledge. The increase in the CCT confirms that the Solar PV 
penetration to the grid will improve the transient characteristics of the national grid network.  
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1. Introduction   

In 2020, the world encountered the outbreak of COVID-19 
pandemic, which resulted in major energy upset across the world 
[1], as well the social life. A slight decrease in biofuels jobs from 
2.5 million to 2.4 million was observed [2]. In reaction to this new 
challenge, the improvement of sustainable energy assets and 
renewable energy power system sources has shown its promising 
potential and effective strategy to meet the new energy demand. 
Globally, an increase of 30% in the connected capacity of solar 
energy was noted between 2019 and 2020. Japan, India and 

Republic of Korea were the largest contributing countries in 
favouring the growth of solar power energy [2]. Presently, in 
renewable generation portfolio, wind energy occupies a major 
share, while the connecting capacity of solar photovoltaic (PV) 
system is also increasing yearly throughout the world [3]. This 
growing exploitation of renewable energy sources (RES) such as 
wind and solar energy brings many challenges to power system 
operators. Besides the load variation and the stochastic nature of 
the RES, the integration of RES brings about a subsequent 
reduction in the system inertia by replacing the rotating masses of 
the generators with power electronics devices.  Hence, stability of 
the power grid is being disturbed with penetration of RES. Power 
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electronics technologies play a predominant role in the connection 
of distributed generation and renewable energy sources into the 
power grid and are becoming more prevalent and growing rapidly 
as these applications are further integrated into grid-based 
systems [4]. The fast evolution of power electronics devices are 
mainly due to development of semiconductor switches such as 
insulated gate bipolar transistor (IGBT) [5]. Hence the importance 
of studying the impact of integrating renewable energy on the 
stability of the power system.  

Transient stability analysis (TSA) can be studied in a time-
domain simulation. The nonlinear behaviour of a power system 
dynamics can be solved mathematically using numerical 
integration of the nonlinear differential equations.  Time-domain 
simulation provides flexibility, and it can consider all components 
of the power system. Equal Area Criterion (EAC) method 
provides a direct method for transient stability. This method was 
first introduced in the 1930s and 1940s to assess the transient 
stability of the classical model of a SMIB system [6]. It is used to 
determine the maximum load which can be acquired by the system 
without exceeding the threshold limit. The principle of this 
method consists of the basis that when the rotor angle (δ) 
oscillates around the equilibrium point with constant amplitude, 
thus maintaining transient stability. This present research work is 
an extended paper from the IEEE AFRICON 2021 conference 
proceedings [7]. A similar model is considered for further analysis 
on the transient stability study using the EAC method. The 
transient stability margin of the system and the critical clearing 
time (CCT) or the critical clearing angle were also considered in 
the analysis. Both parameters are essential elements in the 
stability analysis. The critical clearing angle was obtained through 
modelling of the swing curve on MATLAB/Simulink while the 
critical clearing time was obtained through mathematical 
derivation.  

This research paper explains the concept of the EAC with 
connection of renewable energy using the positive phase 
sequencing and interpretation of results obtained. The main 
objective of this research paper is to investigate on the behaviours 
of a power grid in terms of stability in presence of RES. The 
method for developing the EAC consists of reducing the multi 
machine system into two sets, where one set is considered as the 
critical cluster while the other set is comprised of the remaining 
machines. CCT calculation for the stability studies in the presence 
of renewable energy contribute to knowledge of this research 
work.  

 This research paper is categorized into the background, theory, 
methodology, results and conclusions. 

3. Background 

 This section describes the background works in the transient 
stability field. In [7], the authors studied the stability in terms of 
rotor angle analysis with connection of RES.  The model consisted 
of synchronous generators and a solar PV system connected in an 
IEEE 9-bus arrangement. The investigation of the study was 
monitored under steady state condition and under transient 
condition such as a 3-phase fault. The result was compared to a 
conventional IEEE 9-bus arrangement. The author concluded that 
the integration of solar PV system brought an enhancement in the 

transient nature of the model under investigations due to a lower 
rotor angle deviation. 

 In [8], the authors discussed a unified approach on transient 
stability assessment of a multi machine power system with the 
initial objectives set as establishing the fundamentals of extended 
equal area criterion (EEAC), intrinsic limitations, basic 
formulations and applications to actual working conditions 
operating within a general threshold security limit. The proposed 
method consisted of using the equal area criterion as applied to a 
two-machine system. The EEAC thus established, gives the visual 
and analytical interpretation for transient stability analysis and 
sensitivity assessment. However, the limitation of the research is 
that it does not include any control, which could be applied to the 
system to enhance the transient stability. Other methods of 
applications of Artificial Intelligence (AI) to the system may 
enhance the transient stability particularly in presence of 
renewable energy.  

 The authors in [9] made use of a phase sequence exchange 
(PSE). The aim of the paper was to assess the efficiency of the 
PSE in a multi-machine system. The method consisted of 
installing two PSE devices positioned in a multi-machine system, 
with the first one installed at the outlet of each generator, and the 
second was the interconnected lines between the system. EEAC 
was used, and a control method was then proposed. It was 
observed that the use of the control methods maintained the 
synchronization, thus ensuring the system integrity and power 
quality. The efficiency of the PSE was checked against Kundur's 
two-area four-machine power system and the IEEE 39-bus system 
and compared with other emergency control methods. 

 In [10], the authors provided an overview of a revisited EAC 
with the aim of illustrating the different types of transient stability 
under occurrence conditions, namely type I, type II, type III and 
type IV. Four types of variables were discussed on the EAC, Pm, 
Pb, Pd, Pp where Pm is the mechanical input power while Pb, Pd, Pp 
are corresponding maximum power during the pre-fault, during 
fault and post fault. Conditions of always stable even during the 
fault and unstable states were investigated when Pd<Pp and Pd>Pp. 
Type I was typical and widely accepted as common sense in the 
transient stability analysis. The study proved relevant to the 
development of relay protection for enhancing and maintaining 
the power system stability. 

The authors in [11] investigated on the transient rotor angle 
stability during extreme conditions such as three-phase fault, the 
disconnection of generators, change of weather due to its 
stochastic nature and partial shutdown of PV generation [12]. 
Transient stability rating inclusive of the swing motion and 
damping are determined due to change of angular speed, 
frequency, and power output. Other factors such as critical 
clearing time (CCT) and loadability have been also studied in 
[13]. It was concluded that the transient stability rating of the grid 
was dependent on the extent of PV connection and type of 
transient events induced in the system.  

In [14], the authors studied the impact of integrating 
photovoltaic generation penetration and together with the use of 
Flexible AC transmission (FACTS) devices such as STATCOM 
on the transient stability of a single machine infinite bus (SMIB) 
system based on the rotor angle stability. The system model was 
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created in MATLAB/Simulink software. It was concluded that 
with the penetration of solar PV along with the use of STATCOM 
was able to provide solutions to improve the behaviour of 
networks by damping the transient oscillations of the rotor angle 
for various fault conditions.  
 The literature survey described above shows some research 
gaps in the field of transient stability study in presence of 
renewable energy using the EAC method. Application of artificial 
intelligence (AI) in the transient stability has also received little 
attention in research. It is expected that the use of AI will enhance 
the use of RES by appropriate prediction of fault. However, the 
use of AI will not be considered within this research paper and 
same will be considered as further works.  EAC will determine 
the critical clearing angle (CCA). The critical clearing time (CCT) 
will be determined using mathematical derivation and numerical 
integration. Both parameters are essential in the study of transient 
stability. The critical clearing angle is the maximum allowable 
change in the power angle δ before clearing the fault and without 
loss of synchronism. The critical clearing time is the maximum 
allowable time to remove a disturbance without interrupting the 
system integrity. To our knowledge, no studies of similar nature 
have been conducted for transient stability analysis. 

4. Theory 

This section explains the theory behind the single machine 
infinite bus (SMIB) and the equal area criterion (EAC). 

4.1. Single Machine Infinite Bus (SMIB) 

The diagram in Figure 1 is the equivalent representation of a 
SMIB in a power system through a line of reactance Xe.  

 
Figure 1: Arrangement of single machine 

A generator operating at synchronous speed ωm will develop 
an electromagnetic torque Te and a corresponding electromagnetic 
power Pe.  The input torque developed by the prime mover at the 
generator shaft is Ti, then under steady state conditions, Ti = Te .  

However, under disturbances, the input power, Pi is no longer 
equal to the output power, Pe. This gives rise to an accelerating 
power, ΔP which is equivalent to the accelerating torque.  
According to [15],  

(1) 

where  

ΔP: Accelerating power (pu) 

δ: Rotor angle (rad) 

𝜔𝜔𝑆𝑆: Angular speed (rad/s). 

H: Inertia (MJ/MVA) 

Pm: Mechanical Power (pu) 

Pe: Electrical Power (pu) 

 

Figure 2: Two-Machine system 

A two machines system operating at normal dynamic 
condition, i.e, steady state, the electrical power developed by the 
generator applications is equal to the power absorbed by the motor 
(network being lossless). Thus, at all time 

Pm1 = -Pm2 = Pm         (2) 

Pe1 = -Pe2 = Pe            (3) 

The swing equations for the two machines can be written as per 
[13], which is detailed in (4) and (5), 

𝑑𝑑2𝛿𝛿1/𝑑𝑑𝑡𝑡2 = 𝜋𝜋𝜋𝜋(𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒)/𝐻𝐻1     (4) 

𝑑𝑑2𝛿𝛿2/𝑑𝑑𝑡𝑡2 = 𝜋𝜋𝜋𝜋(𝑃𝑃𝑒𝑒 − 𝑃𝑃𝑚𝑚)/𝐻𝐻2    (5) 

Subtracting (5) from (4) 

𝑑𝑑2(𝛿𝛿1−𝛿𝛿2)
𝑑𝑑𝑡𝑡2

= 𝜋𝜋𝜋𝜋 (𝐻𝐻1+𝐻𝐻2)
𝐻𝐻1𝐻𝐻2

(𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒)    (6) 

Therefore, the accelerating power can be written as  

𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒 =
𝐻𝐻𝜂𝜂
𝜋𝜋𝜋𝜋

 𝑑𝑑
2𝛿𝛿

𝑑𝑑𝑡𝑡2           (7) 

where Hη is the equivalent system inertia. 

Electrical Power interchange can be expressed as follows 

𝑃𝑃𝑒𝑒 =
�𝐸𝐸1
′ ��𝐸𝐸2

′ �
𝑋𝑋𝑑𝑑
′ +𝑋𝑋𝑒𝑒+𝑋𝑋𝑑𝑑

′ sin 𝛿𝛿                           (8) 

A two machines system has the same form of swing and 
power angle equations, with that of a single machine connected to 
an infinite bus [16, 17]. 

4.2. Equal Area Criterion (EAC)  

Stability assessment for a SMIB may be determined based on 
the rotor angle deflection. It is also possible to define the stability 
graphically using the power-angle diagram, which is known as the 
equal area criterion (EAC). 

 

𝛥𝛥𝛥𝛥 = 𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒 =
2𝐻𝐻
𝜔𝜔𝑠𝑠

𝑑𝑑2𝛿𝛿
𝑑𝑑𝑡𝑡2
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Figure 3: Power angle curve 

According to [18], when 

Area A < Area C: Stability is achieved within first swing 
operation. 

Area A > Area C: System is not stable. 

Area A = Area C: Machine is critically stable in the first 
swing. 

Figure 4: IEEE 9-bus arrangement 

In case of a multi machine system, when 

When Area A < Area C: the system is operating synchronously 
in the first swing. 

When Area A > Area C: the system is operating 
asynchronously in the first swing. 

When Area A = Area C: the system is operating in a critically 
synchronous condition within the first swing.  

4.3. Methodology  

The proposed system under study is comprised of an adapted 
IEEE 9-bus with the system frequency changed to 50 Hz. Figure 
4 shows the arrangement of synchronous generators under 
investigation. The default values of the system’s impedances were 
used during the study. 

The power angle curve can be developed based on the 
impedance of the generator and the transmission line, which is 
shown in Figure 5. 

 
Figure 5: Power angle curve for an IEEE 9-bus arrangement 

During the stability assessment of the system after the 
clearance of the fault, the accelerating energy (A1) and 
decelerating energy (A2) can be calculated using the principle laid 
down by [19], 

A =   (9) 

In the present condition,  

A2 > A1 which implies stable state of the system. 

 The critical clearing time of the system is calculated with 
integration of (7) above, which will result in (10) according to [20] 

tc =        (10) 

where tc is the critical clearing time  

Hη: Εquivalent inertia (MJ/MVA) 

δc: critical clearing angle (°) 

δo: angle at steady state (°) 

f: frequency (Hz) 

P: Power (MVA) 

 The equivalent inertia Hη can be determined using the R 
method which is described in [21]. The resulting critical time for 
the generation mix of synchronous generator is 0.4 s for an 
estimated inertia of 33.125 MJ/MVA. 

 During the integration of the solar PV system, generator G2 is 
displaced from the grid as per the following arrangement in Figure 
6. 

 The first step in developing the power angle curve for this new 
arrangement, a single axis machine was considered, together with 
system impedance. The network was reduced to an equivalent 
circuit diagram by applying Thevenin’s theorem, which is given 
in Figure 7. 
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Figure 6: Solar PV system connected in an IEEE 9-bus arrangement 

 
Figure 7: Equivalent circuit with solar PV integration 

 The result of the power angle curve is shown in Figure 8. 

 
Figure 8: Equal Area Criterion with connection of renewable energy 

 The integration of solar PV system into the network has 
lowered the critical clearing angle from 50° to 43°. Using the 
principle as described above, it can be determined that A2 > A1, 
which confirmed the stable state of the system. Moreover, 
equation (9) in [22] was applied to determine the equivalent 
inertia. The estimated inertia was calculated using (11) 

He = (fnomCVdc Vdc) / 2Pres f     (11) 

 According to [22], ( Vdc) / f is a constant. Allowing a 
maximum change of frequency of 0.5Hz and a dc link voltage 
of 500 V, the constant can be taken at 1000. An estimated value 
of He = 6 MJ/MVA can be availed from the expression above. 

Upon substituting in (10) above, it is observed that the critical 
clearing time increased to 1.18 s.  

5. Conclusion 

As mentioned in the introduction, the exploitation of the solar 
energy is gradually increasing. It was demonstrated through this 
study that the system dynamics are impacted with the penetration 
of large-scale renewable generation. Thus, it is imperative to set 
the conditions for  the steady state and dynamic performance of a 
power system for different installation scenarios of renewable 
power plants such as photovoltaic (PV) ones. This study can prove 
useful to power system operators and policy makers when it 
comes to the decarbonization of the power grid and its stability 
concept.  

This research paper described the equal area criterion method 
as a means of transient stability analysis. Similar method can be 
applied in presence of renewable energy such as solar PV system. 
The study concluded that with solar power generating system 
forming part of the generation mix, an improvement of the 
transient stability of the grid were noted due to a decrease in the 
critical clearing angle from 50° to 43°.   

The paper also brought about an innovative method of 
estimating the critical clearing time based on an estimated inertia 
with presence of RES.  The critical clearing time was increased 
from 0.4s to 1.18s in the second test condition owing to the 
presence of solar PV system, thus confirming an enhancement in 
the transient stability. Further investigation needs to be worked on 
the application of AI to such model for fault prediction. 
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