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Abstract 

In this paper, the impact of different fault locations on transient stability in conventional 
power system was investigated and the impact of integrating varying capacities of 
photovoltaic energy on power system transient rotor angle stability was analysed by 
simulation. Transient stability index (TSI) is used to quantify the impacts on transient 
stability,which is related to the rotor angles of generators in power system.The 
simulations were conducted based on IEEE 39-BUS system in Digsilent Power Factory . 
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1. Introduction 

As the worldwide environmental problem, climate change and depletion of fossil fuel have 
become increasingly serious, in order to obtain sustainable and clean energy, people pay more 
attention to the exploitation and utilization of renewable energy, such as photovoltaic power 
generation which has low energy density and performs a nonlinear operating characteristic 
depends on the temperature, solar irradiance and load. In addition, the location and the size of 
PV system can substantially affect the dynamic performance of the power system as their 
characteristics are different from conventional energy generation. Due to the massive PV 
generation integrated in the power system, a large amount of traditional generation would be 
replaced with photovoltaic energy source. As PV generators have no rotor, the integration of 
PV source in power system would lead to the reduction in the overall rotating inertia and 
produce some effects on transient stability, which is related to the dynamic response of the 
system when following a fault. 

Since all these effects are related to the combination of conventional and PV generation in the 
power system, power system models are required to analyze the studies. Through simulations 
and analysis, it will be possible to evaluate the impact of varying capacities of PV generation 
with different sizes and locations on power system transient stability. 

2. Methodology 

2.1. A.Test System  

The IEEE 39 bus system is shown in Figure 1, which is the well-known 10-machine 39-bus New-
England Power System. The whole system is modelled using RMS simulations in DIgSILENT 
PowerFactory. Table 1 gives the characteristics of the test system. Table 2 shows the generation 
of each generators. 
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Figure 1  IEEE 39 Bus System  

 

Table 1 Characteristic of IEEE 39 Bus test system[1] 

 
Table 2 Generators data[1] 

 

 

2.2. Modelling Software 

DIGSILENT (PowerFactory) is developed for the power system modelling, analysis and 
simulation 30 years ago. This software is simple to use and suitable for all standard power 
system analysis requirements, it can also handle with a larger system [2].  

Power Factory allows the simulations on transient analysis in electrical power system 
according to three possible timeframes: Short-term, Mid-term and Long-term. In addition, it 
can analyse the complete range of transient phenomena, they are Symmetrical steady-state 
(RMS) network model, Three-phase for steady-state (RMS) network model and 
Electromagnetic transient (EMT) using a dynamic network model. 

The test system is modelled using RMS simulations in DIgSILENT PowerFactory.  
B. Transient stability evaluation index 

The transient stability index is related to the rotor angles of generators in power system, the 
mathematical equation of this index is defined as follows [3]: 

𝑇𝑆𝐼 = 100 ∗
360−𝛿𝑀𝑎𝑥

360+𝛿𝑀𝑎𝑥
                                                                    (1) 
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Where MAX  is the maximum angle separation of any two generators at the same time in the 
post-fault response. The system is stable if TSI >0 and larger value of TSI means the system is 
more transiently stable.  

2.3. Simulations 

1)Selection of fault location 

Based on Table 1, the test system is large and there are many fault locations in the system, as 
emulating for all locations is unfeasible, only bus faults are considered in this paper, for a 
representative study of transient stability, three fault locations were chosen to represent 
different fault severity level: worst, medium and best. This three fault location would apply in 
further simulations. 

2) Low-level of PV penetration integrated on the test system 

Low-level of PV penetration means a small amount of conventional generation is replaced with 
PV generation. From Table 1, the total generation of the test system is 6200.6 MW, in this 
section, each conventional generator is partly replaced by 200 MW at each bus which is 
connected to conventional generator, at the same time, the conventional generator at the bus is 
de-loaded by 200 MW. The penetration level is 3% in this section. (Penetration level= PV 
generation/ total generation) 

The simulations were repeated by integrating 200 MW PV generation at each bus with 
conventional generation for three fault locations. 

3) High-level of PV penetration integrated on the test system 

High-level of PV penetration means a large amount of conventional generation is replaced with 
PV generation. From Table 1, the total generation is 6200.6MW, in this section, around 30% of 
generation is replaced with PV generation. In order to consider the impact of the different 
locations of replacement on transient stability, two scenarios are studied. 

Scenario 1: G5, G6, G8 and G10 are completely replaced by PV generators. The total amount of 
replacement is 1948 MW. 

Scenario 2: G1 and G9 are completely replaced by PV generators. The total amount of 
replacement is 1830 MW. 

The simulations were repeated by increasing the amount of PV penetration by replacing 
generators with PV generation for three fault locations. 

3. Simulation Results  

1)Fault location 

The purpose of this investigation was to choose representative fault locations for further 
simulations since emulating for all case locations is unfeasible. As one of the most prominent 
reasons for system instability, bus faults are studied in this section. In the IEEE 39 bus system, 
at t=2s, a three-phase fault was applied to a bus, which was cleared after 100ms. Figure 2 shows 
the transient stability index and the maximum angle separation at every bus fault location, 
which is also helpful in getting a better understanding of the mathematical equation (1). 



Scientific Journal of Intelligent Systems Research                                                                                        Volume 4 Issue 8, 2022 

ISSN: 2664-9640                

530 

 
Figure 2 Transient stability index of different fault locations 

Figure 2 demonstrates that the transient stability level has a strong relationship with the fault 
locations. This is due to the varying impacts of different kinds of disturbances on the transient 
stability as different bus fault locations would lead to different electrical distances and different 
levels of power fluctuations.  

It should be noted in this Figure that when the fault is located at bus 38, the system is unstable. 
When a three-phase fault is applied at bus 29, it has the biggest maximum angle separation and 
a minimum TSI value which is equal to 43.10, since bus 29 is the nearest bus to bus 38. In this 
case, the system has the most transient instability as compared to the other fault locations 
besides bus 38. When a three-phase fault is applied at bus 39, it yields the smallest maximum 
angle separation and a maximum TSI value which is equal to 67.41. In this case, the system 
exhibits the most transient stability as compared to the other fault locations. 

As emulating for all case locations is unfeasible, for a representative study of transient stability, 
three fault locations were selected to represent the worst, medium and best cases, they are Bus 
29, Bus 32 and Bus 39 respectively.  

2) Low-level of PV penetrations 

The TSI values of each replacement for the three fault locations are shown in Figure 3. Rotor 
angles in specific cases that need to be noted are plotted in Figure 4, Figure 5 and Figure 6. 

 
Figure 1 Transient stability index in different replacement locations 

Figure 3 shows that the replacement of each conventional generation with 200MW may exhibit 
a different performance in TSI at each of the fault location cases. In addition to the specific 
locations of replacement of the conventional generators, the low-level of PV penetration does 
not have a big impact on transient stability. Since only 3% of conventional generation is 
replaced with PV generation, the overall rotational inertia is not reduced much and would 
therefore not cause a much stronger oscillation. 



Scientific Journal of Intelligent Systems Research                                                                                        Volume 4 Issue 8, 2022 

ISSN: 2664-9640                

531 

 
(a) 

     
(b)                       

Figure 4 Rotor angle plots in case (a) Replace G1 by 200 MW (b) Replace G9 by 200 MW when 
the fault is applied at bus 29 

 
(a) 

 
(b)     

 Figure 2 Rotor angle plots in case (a) Replace G1 by 200 MW (b) Replace G3 by 200 MW when 
the fault was applied at bus 32 

 
(a) 
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(b) 

Figure 3 Rotor angle plots in case (a) Replace G1 by 200 MW (b) Replace G9 by 200 MW when 
the fault was applied at bus 39 

According to the Figure 4, Figure 5 and Figure 6, it can be inferred that partial replacement 
would change the initial rotor angles since the initial rotor angles of each replacement 
(Replacement of G1/G2/G3... by 200 MW) are different. For the same replacement, however, it 
would have the same initial rotor angles for each generator no matter where the fault was 
occurred. In most cases, the maximum angle separation is between G1 and G9 since they have 
the minimum and maximum initial rotor angles respectively. When the fault is at bus 32 and G1 
is replaced by 200 MW, the maximum angle separation in this case is between G1 and G3. The 
transient stability level in terms of fault locations in the renewable power system would be 
consistent with that of conventional power system. This implies therefore that the small 
amounts of PV generation in a power system cannot affect the transient stability level at 
different fault locations.  

It is also clear that G9 is the least stable because it has the maximum initial rotor angle. Since 
deloading G9 can improve the stability margin, the replacement of G9 would most improve the 
transient stability most when the fault is located at Bus 29 (Bus 29 is the bus without any 
generator). When the fault is at bus 32, however, it would affect G3 most since G3 is 
connected to bus 32. Thus, the partial replacement of G3 would have the highest TSI value in 
this case. For the fault at bus 39, even though G1 is connected to bus 39, it would not be the 
generator affected most by the fault. This is because the effect of changing the initial rotor angle 
(caused by PV integration) has a more significant change than that of having a fault at the 
connected bus. 

It can be seen from Figure 3, Figure 4, Figure 5 and Figure 6 that for every fault location, the 
replacement of G1 has the lowest TSI value since it is calculated using the G1-G9/G3 angle 
difference and G1 always has the minimum initial rotor angle compared to the other generators. 
Therefore, deloading G1 would cause less transient stability due to the increase in both angle 
difference and maximum rotor angle deviation. 

High-level of PV penetration  

Some of the synchronous generators in this test system are completely replaced by PV 
generators. At t=2s, a fault was applied at a bus, which was then cleared after 100ms. The 
simulations were conducted in two integration scenarios. (Note: all synchronous generators 
are replaced with PV that is with the equivalent capacity of the synchronous generator at the 
same bus) 

Scenario 1: The simulations were repeated by increasing the amount of PV penetration by 
replacing G6, G5, G8 and G10 with PV generation. As with the integration of PV generation 
would cause the system unstable when a fault is at bus 29, a 50ms three phase fault at bus 29 
is also investigated in this scenario.  

Figure 7 shows the TSI values in various integration cases for the three fault locations. Figure 
8, Figure 9, Figure 10 and Figure 11 describe the rotor angle oscillations in different cases. 
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Figure 4 Transient stability index of different amount of PV generation in scenario 1 when 

three phase fault was applied in three fault locations 

It can be seen from Figure 7 that the increasing amount of PV generation would result to less 
transient stability of the power system. For the fault at Bus 29, the system became unstable 
with increased PV integration. For the fault at Bus 32 and Bus 39, the TSI values dropped from 
61.56 to 60.69 and from 67.41 to 61.38, respectively. These drops in TSI result from the 
reduction in the capacity of conventional generators and the low inertia in the system with large 
amount of replacement of the conventional generator, which leads to the increasing of 
oscillations and a larger maximum angle separation.  

In addition, the fault duration can significantly affect the transient stability. As the power 
system became unstable with higher PV integration when subjected to a fault at Bus 29, 
therefore, a 50ms three phase fault at Bus 29 was also applied to investigate the impact of fault 
duration on transient stability. It is obvious that the duration of fault plays an important role in 
transient stability, shorter fault duration makes the system more transiently stable. An example 
would be for the fault duration 100 ms and 50 ms, when G6 and G5 were replaced by PV 
generators, the values of TSI were 43 and 58, respectively. The TSI values increased 
significantly when the fault duration was reduced. 

 
(a) 

                          
(b) 

Figure 5 Rotor angle plots in case (a) Replace G6 with PV generation (b) Replace G5, G6, G8 
and G10 with PV generation when 100ms fault was applied at bus 29. 
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(a) 

 

                      
(b) 

Figure 6 Rotor angle plots in case (a) Replace G6 with PV generation (b) Replace G5, G6, G8 
and G10 with PV generation when 50 ms fault was applied at bus 29. 

 
(a) 

 

                                  
(b) 

Figure 7 Rotor angle plots in case (a) Replace G6 with PV generation (b) Replace G5, G6, G8 
and G10 with PV generation when 100 ms fault was applied at bus 32. 

 
(a) 
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(b) 

Figure  8  Rotor angle plots in case (a) Replace G6 with PV generation (b) Replace G5, G6, G8 
and G10 with PV generation when 100 ms fault was applied at bus 39. 

From Figure 8, Figure 10 and Figure 11, it can be concluded that increased PV penetration level 
would cause the stronger oscillations of rotor angles, which makes the test system to be less 
transiently stable. It also implies that it needs a longer time for the system to return to steady 
state.  

According to the rotor angle plots in Figure 8 and Figure 9, it is obvious that the oscillation of 
rotor angles is damping better in Figure 9 when the fault duration was 50ms, compared to those 
in Figure 8 when the fault duration was 100ms. A shorter fault duration could thus significantly 
improve the transient stability of the system. 

Scenario 2: The simulations were repeated by increasing the amount of PV penetration by 
replacing generators at G1 and G9 with PV generation. 

The TSI values in different integration cases are shown in Figure 12 and the corresponding 
rotor angle plots are shown in Figure 13, Figure 14, and Figure 15.  

 
Figure 9 Transient stability index of different amount of PV penetration in scenario 2 

Figure 12 illustrates that the TSI values increase with the integration of PV. For the fault at Bus 
29, Bus 32 and Bus 39, the TSI values increased from 43.10 to 72.42, 61.56 to 66.67 and 67.41 
to 72.81, respectively. As mentioned before, this is due to G9 and G1 having the maximum and 
minimum initial rotor angle and the maximum angle separation in equation (1) is always equal 
to the angle deviation between these two generators. Thus, the removal of G1 and G9 would 
definitely reduce the maximum angle separation and would make the system more transiently 
stable. The following figures would verify this conclusion. 

 
(a) 
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(b)                          

Figure 10 Rotor angle plots in case (a) Replace G1 with PV generation (b) Replace G1 and G9 
with PV generation when 100 ms fault was applied at bus 29. 

 
(a) 

                      
(b) 

Figure 11 Rotor angle plots in case (a) Replace G1 with PV generation (b) Replace G1 and G9 
with PV generation when 100 ms fault was applied at bus 32. 

            
(a)                                             (b) 

Figure 12 Rotor angle plots in case (a) Replace G1 with PV generation (b) Replace G1 and G9 
with PV generation when 100 ms fault was applied at bus 39. 

According to Figure 13, Figure 14 and Figure 15, it can be seen that under this occurring fault 
condition, the transient stability of the test power system can be improved largely by replacing 
specified synchronous generators with PV. In this case, the oscillation of the rotor angles is 
decreased when conventional synchronous generators are replaced with a large-scale 
photovoltaic power plants in this case. The oscillation of the rotor angle in Figure 13 (b), Figure 
14 (b) and Figure 15 (b) is damped better than those in Figure 13 (a), Figure 14 (a) and Figure15 
(a).  

4. Conclusion 

The fault location is a factor that can affect the transient level and Transient stability index can 
directly quantify it, the more severe fault would have a smaller TSI value as it has a greater 
maximum rotor angle deviation when subject to a fault. 
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In most PV integration locations, the low penetration level of PV generation has a small impact 
on transient stability, while for buses connected to the generators which may have a minimum 
or maximum initial rotor angle, if integrate PV on this kind of bus, it would exhibit a big impact 
on transient stability. The reason is that de-loading generators can affect the steady state rotor 
angles of the generators and improve the stability margin. 

The effect of high PV penetration level on power system transient stability depends on the 
specified condition, in general, the integration of PV would cause less transient stability, but PV 
generation could be expected to improve transient stability if they are properly located. 
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