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ABSTRACT 

 

Recently, the rise in consumption of electrical energy and 

power transmission between various utilities has resulted in 

the emergence of anxieties about the power system's network 

voltage stability. Additionally, the necessity for power systems 

to perform in a secure condition has increased due to an 

increase in load demand globally. Therefore, the use of 

renewable energy-based distributed generation is growing 

quickly to help meet electrical demand and disrupt 

environmental issues caused by the use of fossil fuels. This 

type of generation can have a positive or negative influence 

on the stability of the power system. This paper analyzes the 

effects of distributed PV power integration on the power grid's 

voltage stability using static techniques. In order to improve 

efficacy and accuracy, give a complete and in-depth 

understanding of the problem of voltage stability, and identify 

the causes of instability, a combination of four different 

techniques is employed for analysis. Analysis methodologies 

include modal analysis, sensitivity analysis, PV curve, and QV 

curve. The analysis of voltage stability is carried out on an 

IEEE 14-bus system by using NEPLAN software. The 

simulation results showed that the integration of a renewable 

energy resource-based distributed solar PV power system into 

the test system led to a noticeable improvement in stability 

degree, a decrease in sensitivity of buses, a significant 

improvement in system MW loading, an enhancement in 

voltage profile, and a perceptible increase in reactive power 

margin. 

 

Key words: Voltage Stability, Modal Analysis, Sensitivity 

analysis, Solar PV, distributed generation 

 

1.  INTRODUCTION 

 

Currently, it is vital to take into account renewable energy-

based generation in power system grid due to rising electrical 

energy consumption around the world, declining fossil fuel 

supply, and environmental concerns. Amongst the various 

kinds of renewable energy, solar PV power is one of the most 

extensively utilized technologies for power generation [1]. 

Compared to other sources of energy, PV solar is one of the  

 

 

 

cleanest, easiest to install, and requires less maintenance [2]. 

Recently, the integration of solar photovoltaics generation into 

power network has increased. The intermittent nature of PV, 

however, might have an impact on the electrical power 

network. One of the significant problems with PV's 

intermittent nature is how it influences the power system 

stability [3]. Besides that, a quick rise in penetration level may 

have an effect on the performance of power system, which 

influences the system stability, quality, voltage profile, and 

flow of power. Among these issues, the issue of stability of 

voltage is a significant one [4]. 

 

Voltage stability problems are one of the main issues in 

planning and operation of power system. The ability of a 

system to sustain acceptable voltages at all system nodes both 

under ordinary circumstances and following a disturbance is 

known as voltage stability [5]. On the contrary, voltage 

instability is the failure of system to sustain adequate voltages 

in all or some of its nodes when it is operating normally and 

following disturbances like progressive load rises or failures 

of critical lines or units of generating. It may also be caused 

by a mismatch between reactive power generation and 

demand, which happens when a power system cannot supply 

enough reactive power [6]. A considerable decrease in system 

voltage results from significant reactive power losses if 

corrective actions to stop voltage instability are not taken. As 

a result, voltage collapse takes place. Voltage collapse 

represents to the procedure by which a series of circumstances 

resulting from voltage instability cause an unacceptable low 

voltage situation in a sizable portion of a power system 

network [6], [7]. Voltage collapse issues have become one of 

the most critical anxieties in the power sector during the last 

two decades, as they have been the primary cause of numerous 

main blackouts around the world. As a result, for various 

systems, evaluation of voltage stability and prediction of 

voltage collapse or instability have become the highly 

important forms of assessment carried out as part of system 

planning and operation. [8]. 

 

For analytical purposes, static or dynamic analysis can be used 

to measure voltage stability. Differential equations that 
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analyze the change of bus voltages with changing system 

operating parameters provide the basis of dynamic voltage 

stability. Bifurcation analysis, small signal stability analysis, 

time domain simulations, and the energy function method are 

among the techniques used to examine dynamic voltage 

stability. Power flow equations serve as the foundation for 

static voltage stability, which can identify the mechanisms of 

voltage collapse under various operating circumstances. The 

majority of the necessary data regarding the system's voltage 

stability is obtained using this method, which requires less 

processing time [9]. 

 

Different works on static voltage stability analysis are carried 

out utilizing a variety of methods. Authors in [10] used modal 

analysis and CPF to find the correct allocation of PV and wind 

generation in power system to improve stability of voltage. 

Authors in [11] used CPF method to analyze voltage stability 

of incorporation a utility scale PV generation in Bangladesh 

national grid. CPF analysis used in [12] to figure out 

maximum loading limit, which is employed as a metric for 

evaluating the voltage stability of system. The authors of [13] 

employed the power flow solution to analyze how the 

distributed generator (DG) affected the voltage profile and 

power loss of the sub-transmission network. Modal analysis 

and CPF are used in [14] for voltage stability analysis of 

connected DG at Mandalay City. Critical Voltage Sensitivity 

Index (CVSI) and critical reactive power sensitivity index 

(CQSI) are used in [15] to assess voltage instability of power 

system to intensification in renewable energy (RE) 

penetration. Modal analysis and CPF are used in [16] to 

investigate the stability of voltage in heavily stressed power 

system with large-scale PV integration. Authors in [17] used 

modal analysis and CPF to study the influence of large-scale 

PV penetration on power system voltage stability. 

 

This paper's main contribution is the presentation of four 

different static techniques for analyzing the voltage stability 

of a power grid integrated with a distributed solar PV power 

system. A combination of four methods (modal analysis, 

sensitivity analysis, CPF, and Q-V curve) is utilized in order 

to improve the analyses' efficacy and accuracy, give a 

complete and in-depth grasp of the issue of voltage stability, 

and pinpoint the causes of instability. The impact analysis of 

PV power on voltage stability is carried out on an IEEE 14-

bus system. Firstly, modal analysis is utilized to assess the 

voltage stability status of the test system network and to 

determine the weakest bus appropriate to connect distributed 

PV unit. Then, sensitivity analysis is employed to measure the 

impact of the integration PV unit on the sensitivity of the 

system's buses. In addition, the Q-V curve is determined to 

determine the reactive power margin of system buses. Finally, 

the P-V curve is plotted using CPF to find out the maximum 

loading percentage of the system as well as the bus critical 

voltage. 

 

The paper is organized in the following manner: Section 1 

introduction. Section 2 distributed generation based solar PV 

power system. Section 3 presents analysis techniques. Section 

4 the test system description. Section 5 simulation results and 

discussion. Section 6 conclusion. Section 7 references 

2.DISTRIBUTED GENERATION BASES SOLAR PV 

POWER SYSTEM 

 

Small-scale generating that produces electricity close to where 

the customers are located is known as distributed generation 

(DG), which is based on renewable energy technologies. It can 

be very helpful in remote areas where grid extension is 

challenging or where central generating is impractical. The 

distribution networks can benefit from distributed generation 

technology in a number of ways; decreasing electric power 

losses, improving voltage profile of the network, and reducing 

greenhouse emissions. However, prior to establishing DG at 

the distribution network, it is important to comprehend the 

potential effects of DG on the stability of the power network. 

[13]. Therefore, this paper analysis the influence of integrating 

70 MW distributed PV power operating at unity power factor 

into distribution grid. 

 

For distributed solar PV generation system, solar cells are the 

cornerstones of photovoltaic arrays, which harness solar 

energy to produce electricity. Many cells are linked together 

in series for the purpose of creating a greater voltage across 

the terminal, and they are linked together in parallel to form a 

module. Modules are connected in parallel and series to make 

up an array for solar PV generation on a large scale. Solar 

irradiation and temperature affect a PV array's performance. A 

DC link is used to connect the PV array to the DC/AC 

converter. In order to deliver the system with the necessary 

active and reactive power, voltage source converters are used 

to convert input DC voltage into output AC voltage [18]. 

 

3. ANALYSIS TECHNIQUES 

 

3.1 Sensitivity Analysis 

 

Magnitude of voltage variation versus variation of reactive 

power t in particular bus can used for voltage stability 

evaluation. In terms of voltage stability, the system is 

considered to be stable if the V Q sensitivity is positive for 

each bus. In contrast, it is unstable [9],[19].  

Power system reduced Jacobian matrix can be represented as 

follows, 

 

[
𝛥𝑃
𝛥𝑄

] = [
𝐽𝑃𝛿 𝐽𝑃𝑉

𝐽𝑄𝛿 𝐽𝑄𝑉
] [

𝛥𝛿
𝛥𝑉

]                          (1) 

 

 Where 

Δ𝑃 and Δ𝑄 = gradual change in bus active and reactive 

power 

Δ𝛿 and Δ𝑉= gradual change in bus voltage angle and voltage 

magnitude  

J=   Jacobian elements of power flow  

 

By taking into account the gradual change relationship 

between voltage and reactive power, voltage stability is 

evaluated. So, letting Δ𝑃 = 0, equation (1) becomes, 

 

𝛥𝑄 = [𝐽𝑄𝑉 − 𝐽𝑄𝛿𝐽𝑃𝛿
−1𝐽𝑃𝑉]𝛥𝑉                         (2) 
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𝛥𝑄 = 𝐽𝑅𝛥𝑉                                                (3) 

where 

𝐽𝑅 = [𝐽𝑄𝑉 − 𝐽𝑄𝛿𝐽𝑃𝛿
−1𝐽𝑃𝑉] is the system's reduced Jacobian 

matrix 

equation (3) can be written as, 

Δ𝑉 = 𝐽𝑅
−1Δ𝑄                                             (4) 

Solving the (4) gives the V-Q sensitivity. A positive V-Q 

sensitivity indicates stable operation, and the more stable the 

system, the smaller the sensitivity. An unstable operation is 

represented by a negative sensitivity [9],[19]. 

 

3.2 Modal Analysis 

 

Modal analysis technique is one of the techniques to predict 

the collapse of a power system voltage. It was proposed by 

Gao et al [20].  

 

The eigenvalues and eigenvectors of reduced Jacobian matrix, 

JR, are computed to determine a system's voltage stability 

characteristics.  The J R is written in the equation (5),  

𝐽𝑅 = 𝜉Λ𝜂                                             (5) 

where 

 𝜉  = right eigenvector matrix of JR  

𝜂  = left eigenvector matrix of JR 

Λ  = diagonal eigenvalues matrix of JR  

equation (5) can be written as, 

 

𝐽𝑅
−1  = 𝜉𝜂Λ−1

                                  (6) 

replacing (6) in (4) gives 
 

Δ𝑉 = 𝜉𝜂Λ−1Δ𝑄                                 (7) 

Or    

Δ𝑉 = ∑  𝑖
𝜉𝑖𝜂𝑖

𝜆𝑖
Δ𝑄                                (8) 

Where 

 𝜆𝑖 =   𝑖th  eigenvalue 

 𝜉𝑖 =  𝑖 th  column right eigenvector  

𝜂𝑖  = 𝑖th  row left eigenvector matrix of JR 

 

Considering that 𝜉−1 = 𝜂, equations (7) can be written as 

 

𝜂Δ𝑉 = 𝜂 ∧−1 Δ𝑄                             (9) 

or 

𝑣 = Λ−1𝑞                                        (10) 

Where  

 𝑣 = 𝜂Δ𝑉 = modal voltage change vector 

𝑞 = 𝜂Δ𝑄 = modal reactive power change vector   

 

The equivalent 𝑖th  voltage variation modal is given by 

 

𝑣𝑖 =
1

𝜆𝑖
𝑞𝑖                                     (11) 

The related modal voltage collapses if 𝜆𝑖  is equal to zero 

because any change in reactive power causes an endless 

fluctuation in the bus voltage. A system that has all positive 

eigenvalues for JR is said to be stable, whereas the system is 

unstable if any of the eigenvalues is negative [9],[19]. 

 

Bus Participation Factors. The bus participation factor 

determines the relative participation of bus k in mode I 

 

𝑃𝑘𝑖 = 𝜉𝑖𝑘𝜂𝑘𝑖                                          (12) 

Weak buses and sections of the power system close to voltage 

instability can be identified using the bus participation factors 

of the small eigenvalues [9]. 

 

3.3 Continuation power flow 

 

This CPF is regarded as a crucial method for figuring out the 

maximum loading factor of the suggested system, which can 

help establish system stability that cannot be directly 

calculated by the modal analysis [21]. 

 

In order to determine the voltage profile of the system up to a 

critical point where the Jacobian matrix becomes 

inconvergent, a continuation load flow uses the following 

solutions. This distance between the base point and collapse 

point is known as the voltage stability margin. [21]. In the 

consecutive process, the power is increased gradually at all 

loads by λ which is defined as a scaling factor as shown below 

 

𝑃𝐿 = 𝑃𝜄0(1 + 𝜆)                                      (13) 

 

𝑄𝐿 = 𝑄𝜄0(1 + 𝜆)                                     (14) 

 

 Where  𝑃𝜄0 and 𝑄𝜄0  are loads active and reactive power at 

an initial condition. 𝑃𝐿 and  𝑄𝐿 represent the new active and 

reactive loads power that result from increasing load by λ 

factor. 

 

3.4. Q-V Curve 

 

The margin of stability or separation from collapse of voltage 

at a particular bus can be calculated using this curve. The bus 

voltage sensitivity and variation in response to reactive power 

injections or absorptions are represented by the QV curve [22]. 

The distance between the axis of voltage and the minimum 

MVAr point on the Q-V curve is employed to calculate the 

reactive power margin. Reactive supply's negative values 

signify a growing reactive load. Reactive power margin, then, 

shows how much more load can be placed on a given bus 

before it reaches its limit of loading and collapses of voltage 

[23]. Figure 1shows Q-V curve. 
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Figure 1: Common Q -V curve [23]  

 

4. THE TEST SYSTEM DESCRIPTION  

 

Figure 2 illustrates the IEEE-14 -bus test power system. It 

consists of a 615 MVA main generator (SG) connected to bus 

1, a 40 MW generator connected to bus 2, three compensators 

connected to buses 3, 6, and 8, twenty branches, and eleven 

load buses. The total power loads are 259 MW and 81.3 MVAr 

[24]. 

 

 
 

Figure 2: Layout of the IEEE 14-bus system network in Neplan 

 

5. SIMULATION RESULTS AND DISCUSSION 

 

All analysis results are performed using the NEPLAN 

software package. Before studying the effect of integrating 

renewable energy source-based distributed solar photovoltaic 

power on the stability of the voltage of an IEEE 14-bus system 

using the above methods, load flow is performed using the 

Newton–Raphson method to demonstrate the operating 

conditions of the test system. The total active and reactive 

powers are 13.597 MW and 27.434 Mvar, respectively. Table 

1 illustrates power flow results. The reactive power (QL) in 

bus 1 represents absorbed reactive power by the swing 

generator. 
 

 

 

Table 1: Power flow results 

Bus 

no 

V 

[p.u] 

V ang P gen 

MW 

Q gen 

Mvar 

PL 

MW 

QL 

Mvar 

Bus 1 1.06 0 232.5

96 

0 0 14.89

2 

Bus 2 1.045 -5 40 49.114 21.7 12.7 

Bus 3 1.01 -12.8 0 27.552 94.2 19 

Bus 4 1.012 -10.2 0 0 47.8 3.9 

Bus 5 1.016 -8.7 0 0 7.6 1.6 

Bus 6 1.07 -14.4 0 22.957 11.2 7.5 

Bus 7 1.048 -13.2 0 0 0 0 

Bus 8 1.087 -13.2 0 24 0 0 

Bus 9 1.032 -14.8 0 0 29.5 16.6 

Bus10 1.031 -15 0 0 9 5.8 

Bus11 1.047 -14.8 0 0 3.5 1.8 

Bus12 1.053 -15.28 0 0 6.1 1.6 

Bus13 1.047 -15.31 0 0 13.5 5.8 

Bus14 1.02 -16.1 0 0 14.9 5 

 

5.1. Identifying the weakest bus of the IEEE 14-node 

system 

 

The voltage stability of the system is examined using a model 

analysis technique to measure the system's stability and 

identify the weakest bus that would be appropriate location to 

incorporate a distributed PV unit. If any eigenvalues are 

negative, the system is said to have an unstable voltage. A zero 

eigenvalue, indicates that voltage instability is imminent. 

demonstrates that a tiny change in the reactive power injection 

may cause a huge change in the voltage magnitude. Moreover, 

the small eigenvalues reveal the degree of instability of the 

system voltage.  

 

For the test system, it contains nine eigenvalues as shown in 

figure 3. This is because the system includes 14 buses, one 

representing the swing bus and four representing the PV bus. 

It can be noted that all of the eigenvalues are positive, 

demonstrating that the test system is stable, and the smallest 

one is = 2.0792, which signifies the critical mode and provides 

an indication of how close the system is to instability. Based 

on the lowest eigenvalue, the bus participation factors can be 

seen in figure 4. From figure 4, it can be noticed that the load 

buses 14, 10, and 9 are most close to the collapse of voltage, 

and bus 14 has the largest bus participation factor of 0.2374, 

meaning that it represents the weakest bus in the test system, 

followed by buses 10 and 9. So, it's an appropriate location to 

integrate the PV system unit. 
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Figure 3: Eigenvalues of 14-bus system  

 

 
 

Figure 4: Bus participation factors of 14- bus system 

 

5.2 Impact of integration of a distributed solar PV power 

system 

 

5.2.1 Influence on the status of the stability of the voltage 

 

The impact of integrating 70 MW of distributed solar PV 

power generation operating at unity p.f. into the test system 

network via bus 14 on the stability of voltage is shown in table 

2. The four smallest eigenvalues are taken into account to 

provide a sufficient assessment of the system's stability. From 

table 2, it can be noted that the stability status of the test 

system improved when incorporating distributed PV power; 

the smaller eigenvalue's amplitude increased by 31.7%. 

 
Table 2: Four smallest eigenvalues with and without solar PV 

power 

Base case  With PV power 

Eigenvalues [Mvar / %]  Eigenvalues [Mvar / %] 

2.0792 2.7389 

5.3877 5.6029 

7.5987 7.7551 

9.4942 11.3257 

 

5.2.2 Effect on the sensitivity of system buses 

 

The IEEE 14-node system is examined using sensitivity 

analysis technique. It determines the relationship between 

voltage and reactive power change. It is found that bus 14 is 

the most sensitive bus, with a sensitivity amplitude value 

equal to 0.2233, followed by buses 10, and 9. The lowest 

sensitivity value observed is 0.0427, and it belonged to bus 5, 

as shown in figure 5. The smaller the amplitudes of sensitivity, 

the more stable the system. As a result, bus 5 is the most 

powerful bus among all system load buses, followed by bus 4. 

This means that these two buses have a lower voltage change 

and are less dangerous for voltage instability. The amplitude 

of sensitivity grows as the system's stability declines. A 

negative sensitivity value, on the other hand, denotes an 

unstable operation. 

 

 
 

Figure 5: V-Q Sensitivity [%/Mvar] 

 

A sensitivity analysis of the test system with the addition of 

distributed PV power is carried out, and the results of the 

analysis are presented in table 3. From table 3, it can be seen 

that the sensitivity of the buses has decreased slightly, 

indicating that the test system has become more stable than it 

was. As can be seen, the sensitivity of buses 14, 10, and 9 

decreased by 9.54%, 13.20%, and 22.37%, respectively. 

 
Table 3: IEEE-14 bus sensitivity with and without solar PV power 

Bus no V-Q 

Sensitivities 

[%/Mvar] 

Base case 

V-Q 

Sensitivities 

[%/Mvar] 

 with Solar 

PV power  

Change % 

    

14 0.2233 0.202 9.54 

10 0.1621 0.1407    13.20 

12 0.1377 0.137 0.51 

11 0.1353 0.1295 4.29 

9 0.1377 0.1069 22.37 

13 0.0872 0.0857 1.72 

5 0.0427 0.0407 4.68 

4 0.044 0.0401 8.86 

 

5.2.3 Impact on the reactive power margin 

 

The QV curve is drawn to identify the reactive power margin 

of the test system load buses, as shown in Figure 6. From 

figure 6, it can be noticed that bus 14 has the lowest reactive 

power among all buses, followed by buses 12, 13, 11, 10, and 

9. This means that the possibility of increasing the reactive 

power load on these buses before reaching the loading limit 

and before voltage collapse occurs is low. On the other hand, 
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it can be noticed that buses 5 and 4 have a high reactive power 

margin, which indicates that they are very stable buses.  

 

 
 

Figure 6: QV curves of 14-bus system network (bas case) 

 

It is well known that a system's ability to keep its voltage from 

collapsing depends on how high its reactive power margin is. 

However, the closer the system operates to the critical point 

and the more likely a voltage collapse is, the smaller the 

margin is. Table 4 shows the obvious improvement in the 

reactive power margin and its improvement rate for system 

buses, thus increasing the degree of safety of the system 

against collapse as a result of integrating distributed solar PV 

power into a test system through bus 14. It can be noted that 

the reactive power margins of buses 14, 10, and 9 improved 

by 12.03%, 8.99%, and 8.58%, respectively. As previously 

observed, these buses have the largest contribution to voltage 

collapse. Figure 7 shows the Q-V curve for the weakest buses 

before and after integrating PV power at bus 14. 

 
Table 4: Reactive power margin with and without solar PV power 

Bus 

no 

Reactive 

power 

margin 

[Mvar] 

Reactive 

power margin 

[Mvar] 

with PV 

power 

Improvment 

rate [%] 

 Base case   

Bus14 62.083 69.552 12.03 

Bus13 76.865 84.440 9.85 

Bus12 65.334 71.184 8.95 

Bus11 77.503 84.463 8.98 

Bus10 81.820 89.177 8.99 

Bus9 95.374 103.553 8.58 

Bus5 245.682 281.445 14.56 

Bus4 223.156 254.299 13.96 

 

 
 

(a) 

 

 
 

(b) 

 

 
 

(c) 
  

Figure 7: Q-V curves for the weakest buses before and after PV 

integration. (a) Bus 14. (b) bus 10. (c) bus9 
 

5.2.4 Impact on the maximum loading percentage and 

critical voltage 

 

In CPF analysis, the PV curve is plotted to identify the 

maximum loading percentage of the test system as well as the 

bus critical voltage, after which voltage collapse occurs. 

Figure 8 depicts the system's P-V curve. From figure 8, it can 
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be noticed that the voltage on bus 14 is the lowest voltage 

among all system buses, followed by bus 10. The effect of 

integrating distributed PV power through bus 14 on the buses' 

critical voltage is shown in Table 5. Table 5 depicts the 

positive response of the voltage at system buses as well as 

their proclivity to improve. Figure 9 illustrates PV curves for 

the weakest buses in the test system with and without PV 

power. 

 

 
 

Figure 8.:  P-V curves of the 14-bus system (bas case) 

 

 

Table 5: Critical voltage with and without solar PV power 

Bus number Bas Case With PV power  

 V critial [%] V critial [%] 

Bus 1 106.00 106.00 

Bus 2 90.49 90.49 

Bus 3 74.99 74.99 

Bus 4 75.19 75.82 

Bus 5 78.07 79.03 

Bus 6 71.54 72.79 

Bus 7 71.04 72.35 

Bus 8 76.56 77.78 

Bus 9 65.66 66.68 

Bus 10 64.64 65.42 

Bus 11 67.09 68.00 

Bus 12 67.19 68.58 

Bus 13 65.63 68.33 

Bus 14 60.18 68.75 

 

 

 
 

(a) 

 
 

(b) 

 

 
 

(c) 

 
Figure 9: shows the PV curves for the weakest buses before and 

after integrating PV power. (a) bus 14, (b) bus 10, (c) bus 9. 

 

The effect of integrating distributed solar PV power 

generation on a test system's maximum power and loading 

percentage are shown in table 6. From Table 6, it can be seen 

that the loading percentage increased and improved 

significantly when solar PV power was integrated into the test 

system and that the maximum loading reached 198 % of the 

basic load. In other words, the system becomes less prone to 
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collapse with the presence of solar PV power. The 

incorporation of a solar PV power system into a test system 

increased the system load margin; therefore, additional loads 

can be added without there being a need to replace the 

equipment of the power system with capacities commensurate 

with the added loads. So, this represents a great economic 

benefit for planning and operating officials. 

 
Table 6: Maximum power of 14-bus with and without PV power 

Grid status Maximum power 

(MW) 

Loading 

percentage (%) 

Base Case 443.214 171.125 

With PV 

power at bus 

14 

512.820 198.000 

 

6. CONCLUSION 

 

In this paper, the voltage stability of a power network 

connected to distributed solar PV is examined. Four different 

analysis techniques are employed to analyze the voltage 

stability of a 14-bus system network using NEPLAN software. 

The impact of integrating PV power into a system network is 

analyzed and discussed for each technique. Modal analysis is 

utilized to investigate the voltage stability status of the test 

system and reveal the reasons for instability. Sensitivity 

analysis is performed to pinpoint buses with higher sensitivity 

in the test system. PV curves using CPF are drawn to illustrate 

the voltage profile at the critical point and to determine the 

MW loading of the test system. QV curves are further plotted 

to determine the reactive power margin of the IEEE 14-bus 

system network. The results demonstrated that the integration 

of distributed solar PV power into the test system led to an 

obvious improvement in voltage stability, a decrease in the 

sensitivity of buses, a significant improvement in the system 

MW loading, an enhancement in the voltage profile, and a 

noticeable increase in the reactive power margin of identified 

buses. 
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