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Abstract—There are always different disturbances in the power grids. The efficacy of system generators to disturbance depends 

on the severity and location. Obviously, if the severity of disturbance is higher, system generators are more affected. Moreover, 

considering the location of its occurrence, the influence of the generators will be different. On the other hand, the presence of 

renewable energy sources(RES) such as solar photovoltaic(SPV), wind turbines (WT) has increased. As a result, power network 

becomes vulnerable and more prone to protection issues. Therefore, if the intensity of disturbance(IOD) is detected, it can be 

prevented from the damage to equipment of network and generators. In this paper, a solution to measure the intensity of disturbances 

in the power system has been proposed. The proposed method consists of two important factors, including inertia system and 

frequency variations. The inertia of each generator acts as a hard factor against disturbance. According to renewable energy sources 

that have low inertia or lack of inertia, it is necessary to know the inertia of each generator to detect the severity of the disturbance. 

So, the presented method is based on inertial estimation. In this method at first, the moment of the disturbance is detected, and based 

on the modified swing equation, the system inertia is estimated. Then, using estimated inertia and system frequency measurements, 

the disturbance intensity is determined for each generator. To study the presented method, a proposed single-machine and IEEE 39-

bus test system has been used. 

Keywords- inertia estimation, the intensity of disturbance, inverter-based generators, renewable energy sources, the start of 

disturbance. 

 

1. Introduction 

Today, renewable energy sources like solar photovoltaic and wind turbines in power systems are increasing. Usually, these 

sources are connected to the power grids with power electronics interfaces. So, no response from inertia. System inertia is the 

inherent characteristic of each generator and the first factor against changes in system frequency [1]. Considering these issues, 

the connection of these resources to the power system will create challenges. Moreover, knowing the system inertia can be a 

great help in dealing with probabilistic problems for stability protection issues. At first, some of the tasks that have attempted 

to investigate the problem of inertia estimation, are presented. In the beginning, the system inertia was estimated offline. In this 

work, the spinning reservation problem was examined [2]. Due to the presence of renewable sources, system inertia faces new 

challenges. Therefore, the estimation of inertia in wind turbines based on induction generators is investigated [3]. In the next 

years, an online estimate has been developed and the system inertia is estimated to be static and dynamic. The static estimation 

is based on the swing equation and in dynamic estimation, system parameters identification is necessary [4]. The first statistical 

model was to estimate the inertia of the Gaussian model [5]. In [6,7], the proposed method for inertial estimation is based on 

system identification. This method offers a robust estimation. With the development of measurement devices, such as wide-

area measurements(WAMs) and phasor measurement units(PMUs), system inertia was carried out with high precision and 

online [8,9]. Various factors affect the accuracy of the estimation. One of the most important of these factors is recognition of 

the moment of disturbance occurrence [10,11]. Nevertheless, more sensitivity was found on a method for accurate detection of 

the moment of disturbance. Due to this, a method based on the creation of a structural frame for the effectiveness of the 

generators connected to the power network from disturbance events was presented [12]. Using of wide-area measurements 

makes the propagation of disturbance in power systems more obvious. Accordingly, if the spread of disturbance propagation is 

measured, it's possible to prevent damage to the main part of the system [13]. As mentioned, the response of the generators 

connected to the system is different from the severity of disturbance. Whatever IOD was higher, the generators become more 



 

excited. In contrast, the generators are also less excited. Nevertheless, the accuracy of the estimation in the occurrence of small 

disturbances must be more accurate in the occurrence of a large disturbance. So, a closed-loop identification method based on 

sinusoidal signals is proposed to estimate the system inertia under small disturbance [14]. Recently, With the advancement of 

measurement technology and its availability in laboratories, it has paved the way for engineers to test the proposed methods 

[15]. In this reference, a robust method for estimation of inertia according to the presence of renewable sources like the solar 

system and wind turbine has been offered. Other parts of this paper are organized as follows. Other parts of this paper are 

organized as follows. 

In the next section, the proposed method is expressed to estimate the inertia. In section 3, the results are discussed by 

applying the proposed method to the test system. Finally, section 4 is allocated to the results. 

2. The Proposed Method for The Estimation of Inertia 

In this paper, an online method for detecting IOD based on estimation of inertia is proposed. In this method, in addition to 

the estimation of inertia, the damping coefficient and mechanical power of each generator are estimated. Due to the presence 

of inverter-based generators, system inertia has changed so much. Thus, an estimate of inertia can help identify the system 

inertia. Inertia is measured in the first moments when the system responds to the occurrence of disturbance. Therefore, there 

must be sufficient knowledge of the occurrence of disturbance. In this regard, a method for detecting the start of disturbance 

(SOD) is proposed, and is formulated as follows [16]: 

(1) 

𝑆𝑖(𝑡) = (𝑓𝑖(𝑡) − 𝑓(𝑡)̅̅ ̅̅ ̅̅ )
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𝑆𝑂𝐷𝑖(𝑡) = 𝑆𝑖(𝑡 + 𝑡0) − 𝑆𝑖(𝑡) > 0 

Where, 𝑓𝑖(𝑡) is the frequency measured in bus 𝑖, and 𝑓(𝑡)̅̅ ̅̅ ̅̅  is average frequency measured up to the moment the data is 

received. Therefore, when the 𝑆𝑂𝐷𝑖  is greater than zero, time is the start of disturbance. To ensure that there is an Event of 

disturbance, the amount of 𝑆𝑂𝐷𝑖(𝑡) is calculated for several instances of the disturbance occurrence. Usually, the next five 

samples are calculated. However, help(𝑆𝑂𝐷𝑖_ℎ) equation is introduced as the following: 

(2) 
𝑆𝑂𝐷𝑖_ℎ̂(𝑡) = exp(𝛿𝑖(𝑡) − 𝛿�̅�(𝑡𝑛)) 

𝑆𝑂𝐷𝑖_ℎ(t) = |𝑆𝑂𝐷𝑖_ℎ̂(𝑡 + 𝑡0) − 𝑆𝑂𝐷𝑖_ℎ̂(𝑡)| ≥ 1 

In this equation, 𝛿𝑖(𝑡) is the angle measured in bus 𝑖 at the moment 𝑡 and 𝛿�̅�(𝑡𝑛)the mean angle of bus 𝑖 to the moment 𝑡𝑛. 

𝑛 is the number of sample measurements. After finding the start of disturbances, system inertia is estimated. Accordingly, the 

swing equation is first rewritten as [17]: 

(3) 2𝐻𝑖

𝑑𝜔𝑖

𝑑𝑡
= 𝑃𝑚𝑖

− 𝑃𝑒𝑖
− 𝐷𝑖(𝜔𝑖 − 𝜔0) 

Where, 𝑃𝑚𝑖
 and 𝑃𝑒𝑖

 is the mechanical power supplied by the generator and the electric power demand respectively. 𝐻𝑖  is the 

inertia constant of the generator 𝑖 in seconds and D is the damping factor. The rotor  speed variation is denoted 
𝑑𝜔𝑖

𝑑𝑡
. It is 

assumed: 

(4) 𝑑𝜔𝑖

𝑑𝑡
= 𝓅𝜔𝑖 ⇒ 

𝑑𝜔𝑖

𝑑𝑡
= 𝓅2𝜋𝑓𝑖 ⇒ 𝓅 =

𝑑𝜔𝑖

𝑑𝑡
2𝜋𝑓𝑖

⁄  

In Eq. 4, 𝓅 ratio of rotor speed changes to frequency measured in bus 𝑖. So, the swing equation is modified as follow: 

(5) 
2𝐻𝑖𝓅2𝜋𝑓𝑖 = 𝑃𝑚𝑖

− 𝑃𝑒𝑖
− 𝐷𝑖(2𝜋𝑓𝑖 − 2𝜋𝑓0) 

4𝜋𝐻𝑖𝓅𝑓𝑖 + 2𝜋𝐷𝑖𝑓𝑖 = 𝑃𝑚𝑖
− 𝑃𝑒𝑖

+ 2𝜋𝐷𝑖𝑓0 

Thus: 



 

(6) 𝑓𝑖 =
𝑃𝑚𝑖

(4𝜋𝐻𝑖𝓅 + 2𝜋𝐷𝑖)
−

𝑃𝑒𝑖

(4𝜋𝐻𝑖𝓅 + 2𝜋𝐷𝑖)
+

2𝜋𝐷𝑖𝑓0

(4𝜋𝐻𝑖𝓅 + 2𝜋𝐷𝑖)
 

With simplifying the above equation: 

(7) 𝑓𝑖 = 𝛶11𝑖
+ 𝑃𝑒𝑖

𝛶2𝑖
+ 2𝜋𝑓0𝛶3𝑖

 

Where, 𝛶1 , 𝛶2 and 𝛶3 parameters are: 

 

As result, 𝑃𝑚 , D and H will be obtained as follows: 

 

 
 

Finally, the swing equation is modified in a linear-regression equation that is a function of the frequency: 

(10) 𝑓𝑖(𝑡) = [1𝑃𝑒𝑖
2𝜋𝑓0] [

𝛶1𝑖

𝛶2𝑖

𝛶3𝑖

] + 𝐸𝑖  

Where, 𝐸𝑖 is measurement error. Given the minimization of Eq. 10, the unknown values are estimated [16,18]. Accuracy of 

estimating the unknown parameters is dependent on fitting carefully of the system frequency variations. As the accuracy of the 

curve fitting was higher, also the accuracy of estimating unknown parameters is high. Error estimation of inertia obtained as 

follow: 

𝐸𝑒𝑠𝑡𝑖
(%) =

|𝐻𝑖𝑒𝑠𝑡𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛
− 𝐻𝑖𝑎𝑐𝑡𝑢𝑎𝑙

|

|𝐻𝑖𝑎𝑐𝑡𝑢𝑎𝑙
|

× 100 (11) 

Where,𝐻𝑖𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛
 is inertia estimation in generator connected to bus 𝑖, and 𝐻𝑖𝑎𝑐𝑡𝑢𝑎𝑙

 is the actual inertia in the generator 

connected to bus 𝑖. The flowchart of the proposed method for IOD is based on the estimation of inertia shown in Figure 1. 

 
Figure 1. The flowchart of the proposed method for IOD based on estimation of inertia 

(8) 𝛶1𝑖
=

𝑃𝑚𝑖

(4𝜋𝐻𝑖𝓅 + 2𝜋𝐷𝑖)
𝑎𝑛𝑑𝛶2𝑖

=
1

(4𝜋𝐻𝑖𝓅 + 2𝜋𝐷𝑖)
𝑎𝑛𝑑𝛶3𝑖

=
𝐷𝑖

(4𝜋𝐻𝑖𝓅 + 2𝜋𝐷𝑖)
 

(9) 𝑃𝑚𝑖
=

𝛶1𝑖

𝛶2𝑖

𝑎𝑛𝑑𝐷𝑖 =
𝛶3𝑖

𝛶2𝑖

𝑎𝑛𝑑𝐻𝑖 =
1

2𝜋𝓅𝛶2𝑖

(1 − 2𝜋𝛶3𝑖
) 



 

After estimation of inertia, IOD applied to each generator is determined. For this purpose, the following equations are used: 

 

(12) [𝛤]𝑘𝑙 = [
𝛤11 ⋯ 𝛤1𝑙

⋮ ⋱ ⋮
𝛤𝑘1 ⋯ 𝛤𝑘𝑙

]

𝑘×𝑙

𝑎𝑛𝑑𝛤𝑘𝑙 = (𝑓𝑘𝑙 − 𝑓𝑘−𝑙
̅̅ ̅̅ ̅)

2
 

(13) [𝛤]𝑁𝑚𝑎𝑥
=

[
 
 
 
 
 
 
𝑚𝑎𝑥(𝛤1) × √

2𝜋𝓅𝛶2𝑖

(1 − 2𝜋𝛶3𝑖
)

⋮

𝑚𝑎𝑥(𝛤𝑘) × √
2𝜋𝓅𝛶2𝑁

(1 − 2𝜋𝛶3𝑁
)]
 
 
 
 
 
 

𝑁×1

 

Where, 𝑓𝑘𝑙  is the frequency of bus 𝑘, and 𝑙 is sample measured in bus 𝑘, and 𝑓𝑘−𝑙
̅̅ ̅̅ ̅ is average frequency measured in bus 𝑘 

and up to the 𝑙  sample received. 𝐻𝑁  is the generator inertia constant connected to bus 𝑁 . Therefore, IOD is determined 

according to Eq. 12.  

3. Case Studies and Numerical Simulation 

In this paper, the proposed single–machine system and IEEE 39-bus test system are used to investigate the proposed method 

of inertia estimation. The single–machine system contains one synchronous generator, two buses, and a PQ load that is 

connected through a line to the generator. The detail of the system is listed in appendix A. IEEE 39-bus test system consists of 

10 synchronous generators, and each generator is equipped with the excitation type 2 system. The conventional system 

parameters are selected from in [19]. In continue, these systems are more explained. 

3.1. The single–machine system proposed 

The main reason for using such a system is more simple to understand the effect of inverter-based generators on system 

inertia and disturbance intensity. In this paper, Photovoltaic Solar System is modeled as an inverter-based generator. Like 

Figure 2, the inverter-based generators are integrated with the study system [20]. 

 
Figure 2. The single-machine system proposed 

For this purpose, four cases where their occurrence locations are nearly and far away from a generator in the system with 

and without an inverter-based generator are considered.  

Case 1: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.3s on bus number 1 in the system without the inverter-

based generator. 

Case 2: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.3s on bus number 2 in the system without the inverter-

based generator. 

Case 3: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.3s on bus number 1 in the system with an inverter-

based generator. 

Case 4: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.3s on bus number 2 in the system with an inverter-

based generator. 



 

In Figure 3, the moment of the occurrence of disturbance is shown. As seen, the detection of this moment in both methods 

is the same, and the disturbance occurs at the moment of 1.1 second. 

 
Figure 3. The moment of the occurrence of disturbance according to the proposed methods 

Different cases were investigated on the case study system. The results regarding the estimation of inertia, damping factor, 

and mechanical power are listed in Table 1. The system inertia reduction in the presence of inverter-based generators is obvious. 

As also shown in Figure 4.  

Table 1.  Estimation of Inertia, damping factor, and mechanical power 

Case/Est 𝑯𝒆𝒔𝒕 𝑫𝒆𝒔𝒕 𝑷𝒎𝒆𝒔𝒕(𝒑 ∙ 𝒖) Error of Inertia 

Estimation(%) 

Case 1 5.49 2.67 0.84 0.9 

Case 2 5.47 2.43 0.81 0.7 

Case 3 4.98 - 0.63 - 

Case 4 5.02 - 0.64 - 

 

 
Figure 4. Inertia estimation for different cases 

However, it should be noted whether the system inertia reduction affects IOD applied to the generator? To answer this 

question, Figure 5 is plotted. According to Eq.13, IOD depended on two factors. These factors are inertia and frequency 

variations. IOD increases with the rise in frequency variations and the reduction of inertia. So, it is expected that by decreasing 

the inertia, IOD applied to the generator increases. But, this intensity is reduced. 



 

When an inverter-based generator is connected to the system, the power generated by the conventional generator decreases. 

As shown in Figure 6. Thus, frequency variations are reduced through the swing equation. On the other hand, the inertia of the 

system has decreased. However, since the frequency variations have more effect on disturbance intensity, the intensity applied 

to the generator is reduced. Finally, in terms of system protection issues, using renewable sources, such as inverter-based 

generators, can reduce the severity of disturbance imported to any generator and prevent damage to system components, and in 

terms of system stability, stability can be improved. 

 
Figure 5. IOD applied to the generator in a conventional and inverter-based system 

 
Figure 6. Power flow in the conventional and inverter-based system 

3.2. IEEE 39-bus test system 

In this study, the IEEE 39-bus test system has been used to verify the proposed method and its application in larger systems 

(as shown in Figure 7). To study the proposed method, four cases are considered at different points of the system.   

 
Figure 7. The IEEE 39-bus test system with the presence of inverter-based generators 



 

Case 1: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.2s on bus number 21 in the system with and without 

an inverter-based generator. 

Case 2: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.2s on bus number 26 in the system with and without 

an inverter-based generator. 

Case 3: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.2s on bus number 4 in the system with and without an 

inverter-based generator 

Case 4: a three-phase fault has occurred at t=1.1s and it is cleared at t=1.2s on bus number 12 in the system with and without 

an inverter-based generator. 

 The results of inertia and error estimation in the conventional system are shown in Figure 8 and Figure 9, respectively. The 

outcome of inertia estimation for cases is nearly and this verifies the accuracy of the proposed method. The error estimation for 

all cases is illustrated in the box diagram. The mean error estimation for all generators is smaller than 7% and for the majority 

of generators, it is less than 5 %. 

 
Figure 8. Inertia estimation of generators for all cases in a conventional system 

 
Figure 9. Error estimation of inertia of the generators for all cases in a conventional system 

After accurate estimation of inertia, the problem of IOD is investigated. This issue is shown in Figure10. In the first case, 

the fault occurs on bus 21, and the generator connected to bus 35(generator 6) is expected to be more affected due to proximity 

to the fault event location, but, the generator connected to bus 34(generator 5) takes more IOD. Therefore, it can be concluded 

that the generator near the location of the disturbance will not be the most affected. For the second case, the generator connected 

to bus 38(generator 9) is the most IOD and followed by the generator connected to bus 37(generator 8), and other generators 

are classified as shown. The third and fourth cases have similar results and the connected generators of a system have a similar 

effect of IOD. The significant note is that the location of the error occurring in both cases is close to the generator connected to 

bus 39(generator 1), however, this generator has the least effect on fault. Due to the high inertia of this generator, the effect of 

this inertia is considered in Eq.  13. In all cases, the inertia effect of each generator on the severity of the disturbance is quite 

evident. 

By studying the conventional system, the effect of inverter-based generators on the results of system inertia and disturbance 

intensities has been considered. Like Figure 7, the inverter-based generators are integrated with the study system. The SPV-1 

capacity is 100 MW, The SPV-2 capacity is 150 MW and The SPV-3 capacity is 200 MW. According to the box plot in Figure 

11, inertia estimation of the system for all cases with the presence of inverter-based generators is recused.  

 



 

 
Figure 10. IOD applied to the generator in a conventional system 

 
Figure 11. System inertia estimation concerning the presence of inverter-based generators for all cases 

According to inertia reduction, certainly, IOD applied to the generators are changed. As shown in Figure 12 and Figure 13, 

two major changes have occurred. First, the rate of disturbance intensity has decreased to any generators. Second, the 

classification of generator 2 has changed in all cases.  

 
Figure 12. IOD applied to the generator in an inverter-based system 

As described in the single-machine system, IOD depended on two factors. The reduction of inertia is obvious. On the other 

hand, the frequency variation in the inverter-based system has decreased (As seen in Figure 14 and Figure 15). Therefore, this 

is a compelling reason to reduce IOD applied to the system generators. As shown in the Figures, frequency variations of 

generator 2 have been greatly reduced. This reason for a change of classification of generator 2 in all cases. Moreover, in the 

conventional system for case 1, frequency variations of generator 2 are higher. But in an inverter-based system, it's not like and 

generator 5 is higher. This result was illustrated in Figure 13.  



 

 
Figure 13. Classification IOD applied to the generator in conventional(CS) and inverter-based system(IBS) 

 
Figure. 14.  Frequency variations of generators connected to the system without inverter-based generators for case 1 

 
Figure. 15.  Frequency variations of generators connected to the system with inverter-based generators for case 1 

4. Conclusion 

Always, power systems face different disturbances. If IOD is higher, the more likely it will be that the system equipment 

will be more vulnerable. Thus, it can contribute significantly to power system operators in adopting protection cases for the 

power system. This problem led to the presentation of a method based on the estimation of inertia for measuring IOD in this 

paper. To investigate the proposed method, a single-machine and IEEE 39-bus test system with the presence of renewable 

energy sources was used. Simulation results show that the presence of these sources reduces system inertia. But, it was observed 

that the intensity of disturbance is reduced in the inverter-based system. Due to the reduction of inertia, IOD is expected to 

decrease in two systems. The reason for this result is represented in the single-machine system. It is observed that with the 

presence of a solar photovoltaic system, power production by the conventional generator is reduced. This causes the system 

frequency Variations to decrease, thus the disturbance intensity is decreased. In IEEE 39 bus test system, the effect of fault 



 

event location on the disturbance intensity that applied to each generator was investigated. As observed that in the presence of 

renewable sources, classification of conventional generators based on IOS applied are change. usually, generators close to the 

location of the disturbances are more affected but this is not always the correct thing. The obtained observations confirm the 

accuracy of the proposed methods, and with the hope of using them in the proposed system and future works, we can consider 

issues such as virtual inertia and the effect of different loads' nature on proposed methods. 
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Appendix A. The detail of the Single-machine system 

Table 2.  Single-machine proposed parameter 

Generator 

𝑋𝑑 (p.u) �̇�𝑑 (p.u) �̇�𝑑0 (s) 𝑃𝑚 (p.u) 

2 0.3 8.0 0.8 

𝑋𝑞 (p.u) �̇�𝑞 (p.u) �̇�𝑞0 (s) 𝑃𝑏𝑎𝑠𝑒(MW) 

1.8 0.5 0.8 100 

𝑋𝑙 (p.u) 𝑟 (p.u) H (s) D (p.u) 

0.05 0.001 5.5 2.5 

SPV 
𝑇𝑝 𝑇𝑝 𝐾𝑣 𝐾𝑖 

0.01 0.01 10 0.01 

Line 
R (p.u) 𝑋𝑙 (p.u) 𝑋𝑐 (p.u) F (Hz) 

0.001 0.1 0.01 60 

Load 
P (p.u) Q (p.u) 𝑉𝑚𝑖𝑛(p.u) 𝑉𝑚𝑎𝑥(p.u) 

0.8 0.4 0.9 1.1 

 


