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Abstract: This study presents an analysis of voltage stability of the electrical power 
system with the integration of renewable energy and the improvement of the 
conventional analysis using the artificial neural network (ANN), which is mainly 
focused on the effect of distributed generator-solar (DG-Solar) towards the electric 
power system. Real power and reactive power margins of both voltage stability are 
expressed as VSM (P) and VSM (Q), respectively. They are obtained from the actual 
power-voltage (PV) and reactive-power (QV) curve, which is created for each series 
by a series of load flows by incrementing P and Q load. Then, the system will integrate 
with 5MW, 50MW and 100MW of DG-Solar to compare the electric power system 
before and after the integration. The results are observed and compared for both 
situations. After that, an analysis improvement is made by using ANN-based model 
to predict the values of VSM (P) and VSM (Q) without having to perform PV QV 
Curve and calculate VSM (P) and VSM (Q). IEEE 30-bus was chosen as the electrical 
power system. The load flow analysis and ANN-based model are simulated and 
developed by using MATLAB software. 
 
Keywords: Voltage Stability Analysis, PV QV Curve, ANN, VSM (P), VSM (Q), 
DG-Solar 

 

1. Introduction 

In today’s growth of modern society; the electrical infrastructure has become reliable and must use 
thriftily because the need for electricity has been increasing day by day. However, the non-renewable 
energy will run out and will not be replenished for thousands or even millions of years [1]. Besides, 
they give impact and damage to the environment and human health such as they will cause greenhouse 
gas and source of climate change which is carbon dioxide (CO2) [2]. In contrast, renewable energy 
sources produce much-cleaned energy and become attractive for many reasons [3]. However, renewable 
energy still gives impact towards voltage stability in an electric power system. 
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Voltage stability is important to preserve the system’s balance. It is about the ability of the electric 
power system to restore or sustain operating equilibrium and steady voltage at all busses under usual 
and abnormal conditions, after being subjected to disturbance and even after following increases of load 
[4][5]. In more significant words, it mainly occurs when the energy demand is greater than the network’s 
capability [6]. In the form of context in this project, Distributed Generator-Renewable Energy will be 
attached to the power system, and the voltage stability is analyzed. 

Evaluation of the voltage stability is a crucial parameter for controlling the bus voltage in the 
electric power system. Voltage instability occurs in the form pf a gradual decrease in voltages in some 
busses. This is due to the failure pf the electrical power grid to provide enough electricity to satisfy the 
growing load demand [7]. Thus, by installing the DG-Solar, it will give benefit toward the stability of 
the system. 

This project will be focusing on comparing two (2) parts of results which are before and after the 
installation of DG-Solar at load buses in the power system in terms of its Voltage Stability. Distributed 
generation refers to a generation of electricity at or near where it will be used. It is becoming a new 
solution to improve the traditional network system [8]. The integration of the renewable distributed 
generator will enhance the system by improving the voltage profile and also by reducing power losses 
[9][10]. After that, Voltage Stability Margin (VSM) values will be analyzed by measuring the 
hypothenuse under the Real Power-Voltage (PV) and Reactive Power- Voltage (QV) curves [11]. VSM 
indicates how far the device will operate before voltage instability occurs. The smaller the VSM value, 
the closer the power system bus would be to voltage instability [12].  

However, it takes many steps in obtaining the VSM values and both curves, which is difficult 
because whenever we want to obtain another result, the steps must be repeated from the initial step. To 
improve the conventional method of this analysis, Artificial Intelligence (AI) will be used, which is 
specified by using Artificial Neuron Network (ANN). By developing Artificial Neuron Network (ANN) 
based model on analyzing VSM values, this will be an advance and improved method to analyze the 
voltage stability analysis in the power system so the analysis can be done quickly without involving 
many steps. 

The main aim of this study is to perform the voltage stability analysis on the IEE 30-bus electric 
power system while the sub-objective is comparing the VSM values under PV QV curve before and 
after the installation of DG-Solar. Next, ANN-based model is developed to predict the VSM values for 
the weakest bus and compare them with the manual calculated values from the generated PV QV curve 
conventional method analysis. 

2. Methodology 

The selected bus system that is simulated in this study is the IEEE 30-bus system, and all the data 
used are taken from the MATLAB file exchange. Moreover, a brief explanation about the PV QV curve 
method and calculation of VSM under the curves are explained also in this section. Last but not least, 
the usage of ANN in this study is defined in the last part of this section. 

2.1 System load modelling and data used 

Line diagram of the IEEE 30-bus system electrical power grid is shown in Figure 1.  The network 
consists of one swing bus (Bus 1), 7 PV busses (Bus 2, Bus 4, Bus 5, Bus 8, Bus 10, Bus 11 and Bus 
13), and 22 load busses (Bus 3, Bus 6, Bus 7, Bus 9, Bus 15 until Bus 30). The load flow analysis in 
this study is simulated using the MATLAB software and performed using the Gauss-Seidel power 
solution process while the coding used is taken from the MATLAB file exchange [13].  
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Figure 1: Line diagram of IEEE 30-bus electric power system [14] 

2.2 Obtaining VSM values under PV QV curve 

PV QV curve is very useful in the study of voltage stability. It produces a sequence of power flows. 
Load busses are the most vulnerable to voltage instability [15]. For each sequence of power flow, the 
system load is increased to the point that the system is no longer able to operate. The different values 
of P and Q with the load bus voltage are plotted as the PV QV curve. QV curve is the relationship 
between Q and receiving end voltage (V) for different P values. Steps for lotting PV QV curves are as 
follows [11]: 

• Run the series of load flow of IEEE 30-bus system by using MATLAB coding. 
• The value of P load on the load bus is increased by 0.1 per unit for plotting PV curve. Similarly, 

the value of load Q is increased by 0.1 per unit for plotting the QV curve. After each increment, 
the load flow series will run again, and a new voltage value per unit is obtained. 

• Repeat step (ii) until the incremented values of P and Q cannot be run anymore. 
• Finally, by using the recorded values of P and Q obtained in the previous steps, plot them 

against bus voltage values. 

Next, VSM can be defined as the distance between the initial operating voltage point and the critical 
voltage point [8]. VSM indicates how stable the system can be before voltage instability occurs. The 
lower the VSM values, the shorter the system will operate until it has voltage instability. VSM for actual 
power load (P) and VSM for reactive power load (Q) are referred to as VSM (P) and VSM (Q), 
respectively. VSM (P) is derived from the PV curve while the VSM (Q) is derived from the QV curve. 
Figure 2 shows the PV QV curve method to analyze the voltage stability of a system.  
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Figure 2: PV QV Curve [16] 

According to Figure 2, let 1-4 as coordinates: 

1 : (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑉𝑉𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) 

2 : (𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 ,𝑉𝑉𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖) 

3 : (𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑉𝑉𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) 

4 : (𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 ,𝑉𝑉𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖) 

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 are the value of the real power of load voltage of the initial point and value of 
real power of load voltage at critical point, respectively. While 𝑉𝑉𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 are the bus 
voltage at the initial and critical point, respectively. Thus, VSM (P) (Eq. 1) can be obtained by: 

𝑉𝑉𝑉𝑉𝑉𝑉 (𝑃𝑃) =  �(𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖)2 + (𝑉𝑉𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑃𝑃𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖)2    Eq. 1 

While 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 are the value of reactive power of load voltage at initial point and value 
of reactive power of load voltage at critical point, respectively. 𝑉𝑉𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 are the bus 
voltage at the initial and critical points, respectively. Thus, VSM (Q) (Eq.2) can be calculated by: 

𝑉𝑉𝑉𝑉𝑉𝑉 (𝑄𝑄) =  �(𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖)2 + (𝑉𝑉𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑄𝑄𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖)2   Eq. 2 

2.3 Developing ANN-based model prediction 

In the conventional analysis, the PV QV curve and VSM calculation must be plotted and calculated 
manually. The ANN-based model must be trained developed and used to predict VSM values. In order 
to do this, the ANN-based model must be trained to learn the cycle between the input quantity and 
output. Next, Mean Squared Error (MSE) analysis is used to denote the efficiency of the ANN-based 
model. MSE is the mean squared difference between output and goals. A higher value indicates a higher 
error, so zero indicates no error. Thus, the closer the MSE values to zero, the better the performance of 
the ANN-based model and its prediction. MSE analysis is calculated as Eq. 3 [17]: 

𝑉𝑉𝑉𝑉𝑀𝑀 =  1
𝑁𝑁𝑁𝑁𝑁𝑁

∑ ((𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃)2)𝑁𝑁𝑁𝑁𝑁𝑁
𝑁𝑁𝑁𝑁=1    Eq.3 
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 : The total number of training data 
 : The number of training data 
 

By developing ANN-based model, 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑉𝑉𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖, and size pf DG-Solar will be the input data 
while the target data is the actual VSM (P) or VSM (Q) data. In addition, steps in developing ANN-
based model for VSM predicition are including: 

• Insert input data (𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑉𝑉𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 and size od DG-Solar) to represent the input variable in the 
network. 

• Insert target data (actual VSM values) to represent the desired network output. 
• Train all the input and target variables. 
• Produce graph of MSE to indicate the performance of the VSM prediction. 
• Record the output and error from the ANN-based model VSM predicted values. 

With 200 training data used in this ANN-based model, they are divided into 3 types of data samples 
which are 70% of training data, 15% of validation data, and 15% of testing data. They are 140 samples, 
30 samples, and 30 samples respectively. Meanwhile, the hidden layer contains 10 numbers of neutrons. 
The division of data sample and hidden neutron is according to ANN MATLAB default.   

3. Results and Discussion 

The results that have been obtained throughout this study are analyzed and explained in this section. 
The electric power system of the IEEE 30-bus system is analyzed using the conventional method, which 
is by calculating VSM (P) and VSM (Q) values under the PV QV curve method. After that, the analysis 
improvement of the conventional method is performed by using the ANN-based model in MATLAB 
software. 

3.1 Load flow analysis of IEEE-30 bus electric power system 

In this section, load flow analysis is introduced for the acquisition of voltage, active and reactive 
power at each power system bus to analyze its steady-state conditions. Then, per load flow series, the 
system loads are increased to the point that the system is no longer able to operate. The real power (P) 
and reactive power (Q) variance load values with the bus voltage values are plotted as the PV QV curve. 
After that, VSM (P) and VSM (Q) are calculated under PV and QV curve, respectively. Table 1 shows 
the value of VSM (P) and VSM (Q) for each load busses.  

According to Table 1, Bus 26, Bus 27 and Bus 30 have the same value of VSM (P) and VSM (Q). 
Thus, in order to differentiate them, the difference in their curves are analysed. They took the same 
amount of iteration before they experience voltage instability which is three (3) iterations. But even 
though they have the same amount of iterations, Bus 27 will be the weakest because its P and Q load 
starts with zero. Moreover, Bus 27 has a smaller curve compared to Bus 26 and Bus 30 which indicate 
that they have a higher incremental of load P and Q before they are experiencing voltage instability. 

Table 1: Values of VSM (P) and VSM (Q) 

Load Buses VSM (P) 
(per unit) 

VSM (Q) 
(per unit) 

3 1.0 0.5 
6 0.4 0.4 
7 0.4 0.2 
9 0.4 0.4 
12 0.5 0.4 
14 0.4 0.3 
15 0.4 0.3 
16 0.4 0.4 
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17 0.4 0.4 
18 0.4 0.3 
19 0.4 0.3 
20 0.4 0.3 
21 0.4 0.4 
22 0.5 0.4 
23 0.4 0.3 
24 0.4 0.3 
25 0.3 0.3 
26 0.2 0.2 
27 0.2 0.2 
28 0.5 0.2 
29 0.3 0.2 
30 0.2 0.2 

 

3.2 IEEE 30-bus system with integration of DG-solar 

Since the load bus 27 is the weakest, it became the chosen bus to integrate with DG-Solar since this 
bus is the closest towards voltage instability. DG-Solar that is installed at load bus 27 is divided into 
three conditions which are DG-Solar with 5MW, DG-Solar with 50MW, and DG-Solar with 100MW. 
The effects of these installations are observed in PV QV curve as in Figure 3, Figure 4 and Figure 5. 
Thus, the larger the size of DG-solar, the larger the size of the voltage stability margin. 

From PV QV curve for Bus 27 after the installation of 5MW DG-solar in Figure 3, it shows that the 
increment of the P and Q load only can reach maximum up to 40 MW (0.4 per unit) and 30MVar (0.3 
per unit), respectively. While Figure 4 shows the PV QV curve for Bus 27 after the 50MW DG Solar 
installation. The P load can withstand up to 70MW with 0.7 per unit of load P increment while its Q 
load can withstand until 50MVar before experiencing voltage instability. As shown in Figure 6, Bus 27 
with 100MW DG-Solar is able to reach 120MW (1.2 per unit) and 40MVar (0.4 per unit) before the 
system is collapses and not stable. 

 

Figure 3: PV QV curve for Bus 27 with 5MW DG-solar 
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Figure 4: PV QV curve for Bus 27 with 50MW DG-solar 

 

Figure 5: PV QV curve for Bus 27 with 100MW DG-solar 

Table 2 below shows the comparison of the values of VSM (P) and VSM (Q) on each condition 
towards Bus 27. Load Bus 27 with 5MW DG-Solar has a higher value of VSM compared to load Bus 
27 without DG-Solar. It shows that by installing DG-Solar to the weakest bus in the system, it will 
improves the VSM values.  

Table 2: Values of VSM (P) and VSM (Q) at load bus 27 

Load Bus 27 VSM (P) 
(per unit) 

VSM (Q) 
(per unit) 

Without DG-Solar 0.2 0.2 
With 5MW DG-Solar 0.4 0.3 

With 50MW DG-Solar 0.7 0.5 
With 100MW DG-Solar 1.2 0.4 
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Thus, through these results, it can be confirmed that by placing a DG-Solar, it can improves the 
VSM (P) values since the integration of DG-Solar only involves the addition of real power, P. Even 
though there is an increasing value of VSM (P), but for overall voltage stability to improve, the primary 
concern is the value of VSM (Q). But in this study, the integration of 100MW  DG-Solar causing lower 
voltage stability compared to 50MW DG-Solar which is 0.5 per unit. It means that 50MW DG-Solar 
has a greater optimal size compared to 100MW DG-Solar. 

All in all, if Bus 27 without DG-Solar and Bus 27 with 5MW DG-Solar are compared, the 
integration of DG-Solar to the weakest bus in the system still improves the value of VSM. Since the 
size of DG-Solar is set randomly in this study, 100MW DG-Solar is found to not have optimal sizing 
for this system compared to 50MW DG-Solar. 

3.3 Improvement analysis using ANN 

By developing the ANN-based model, it can be used to predict the values of VSM without having 
to involve the plotting and calculating parts. The ANN-based model itself will predict the values of 
VSM (P) and VSM (Q) and the error from the prediction analysis will also be given from the MATLAB. 
Table 3 shows the comparison between actual and ANN predicted VSM (P) values and its percentage 
of error as well. While Figure 6 shows the graph of MSE produced in the VSM (P) ANN-based model 
prediction.  

Table 3: Comparison of VSM (P) results and its error obtained 

Load Bus 27 
VSM (P) 

Actual 
(per unit) 

ANN Prediction 
(per unit) Error Error (%) 

Without DG-Solar 0.2 0.2 3.243x10-12 3.243x10-10 
With 5MW DG-Solar 0.4 0.4 3.927x10-10 3.927x10-8 
With 50MW DG-Solar 0.7 0.7 5.851x10-10 5.851x10-8 

With 100MW DG-Solar 1.2 1.2 1.345x10-9 1.345x10-7 
 

 

Figure 6: Graph of MSE performance on VSM (P) prediction 
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From Table 3, it shows that only a small difference in value between actual and ANN predicted 
VSM (P) values. The highest percentage error in this prediction is only 1.345x10-7 % while the lowest 
percentage error is 3.243x10-10%. Besides, according to Figure 6, MSE for this ANN-based model for 
VSM (P) prediction is only 1.5903x10-19 with 20 epochs on average to perform the best validation 
performance. Since the value is very close to zero, it indicates the best performance for the ANN-based 
model for VSM (P) prediction. Next, Table 4 shows the comparison between actual and ANN predicted 
values for VSM (Q) as well as its error obtained. Meanwhile, Figure 7 shows the graph of MSE 
produced for VSM (Q) ANN-based model prediction. 

Table 4: Comparison of VSM (Q) results and its error obtained 

Load Bus 27 
VSM (Q) 

Actual 
(per unit) 

ANN Prediction 
(per unit) Error Error (%) 

Without DG-Solar 0.2 0.1999 1.557x10-10 1.557x10-8 
With 5MW DG-Solar 0.3 0.2999 3.221x10-10 3.221x10-8 
With 50MW DG-Solar 0.5 0.4999 1.567x10-10 1.567x10-8 

With 100MW DG-Solar 0.4 0.4 5.508x10-10 5.508x10-8 
 

 

Figure 7: Graph of MSE performance on VSM (Q) prediction 

Meanwhile, Table 4 shows that only a small difference in value between actual and ANN predicted 
VSM (Q) values. With 10 epochs, the highest percentage error in this VSM (Q) prediction is 5.508x10-

8 % while the lowest percentage error is 1.557x10-8% and it can be considered negligible. Besides, 
according to Figure 7, it shows the MSE performance of this ANN-based model for VSM (Q) prediction 
is only 2.5088x10-20 with 10 epochs on average to perform its almost accurate validation performance. 
Since the value is very close to zero. In instance, error obtained from the ANN prediction of both VSM 
(P) and VSM (Q) can be neglected. 
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4. Conclusion 

The study conducted in this paper show that voltage stability of an electric power system can be 
analyzed through observing PV QV curve and its VSM values. Not only that, this study also proves that 
DG-Solar can give positive impact towards the voltage stability of an electric power system which they 
can improve the value of VSM . Last but not least, ANN-basd model that is developed in MATLAB 
can be useful because of its prediction that can be initial precaution to avoid voltage collapse or 
instability. 
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