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Abstract-- Voltage instability is considered as one of the main 

threats to secure operation of power system networks around the 
world. Grid connected renewable energy-based generation are 
developing in recent years for many economic and environmental 
reasons. This type of generation could have significant impact on 
power system voltage stability given the nature of the primary 
source of generation and the technology used to energy 
conversion. This paper examines the impact of large-scale 
photovoltaic (PV) generation on power system voltage stability. A 
comprehensive model of large-scale PV generation in IEEE-14 
bus test system has been used for the investigation. Various 
performance measures including critical eigenvalues of Q-V 
modal matrix, bus participation factor and loading margin (LM), 
are used to analyze the impact of PV generator on power system 
static voltage stability. 
 

Index Terms-- Critical eigenvalue, Q-V modal analysis, 
realistic loading direction, PV integration, PV reactive power 
generation. 

I.  INTRODUCTION 

tilization of renewable energy comes from the 
perspective of environmental conservation and fossil fuel 

shortage. Recent studies suggest that in medium and long 
terms, photovoltaic (PV) generator will become commercially 
so attractive that large scale implementation of this type can be 
seen in many parts of the world [1], [2]. A large-scale PV 
generation system includes photovoltaic array, DC/AC 
converter and their controllers. It is a multivariable and non-
linear system and its operation depends on environmental 
conditions. Due to given nature of PV generator, one 
important issue related to PV is its impact on system stability. 
Hence, thorough investigation of power system stability with 
PV is an urgent task as reported in [3], [4]. 
     Among stability issues, voltage instability has been a major 
concern for power system. Several major power interruptions 
have been linked to power system voltage instability in recent 
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past [5], [6]. It has been proved that inadequate reactive power 
compensation during stressed operating condition can lead to 
voltage instability. Although large-scale PV is capable of 
generating reactive power, but, still reactive power generation 
capability of PV is limited by grid code and normally works 
very close to the unity power factor (usually operate 0.95 lead 
lag power factor) [2], [7]. However, the size and position of 
large PV generator can introduce significant impact on power 
system voltage stability as the level of PV penetration become 
a relevant percentage of total installed power. Thus this paper 
assesses the impact of large-scale PV generation on power 
system voltage stability. 
     The case studies are presented in the paper based on IEEE-
14 bus test system. Several cases have been considered for the 
assessment of system voltage stability and these are: 
Case-1:IEEE-14 bus system with PQ loads has been 
considered as base case.  
Case-2:IEEE-14 bus system with PV generator and different 
power factor operation. 
Case-3:PV at different locations in IEEE-14 bus system. 
Case-4:IEEE-14 bus system with different penetrations of PV. 
     The rest of the paper is organised as follows. Section II 
provides a brief description of Q-V modal analysis typically 
used for static voltage stability studies. Modelling of PV 
generator for stability studied is elaborated in Section III. 
Section IV is a case study based on IEEE-14 bus test system. 
Section V gives the relevant conclusion. 

II.  METHODOLOGY 

     Conventional voltage stability assessment takes into 
account only the steady state analysis (algebraic equations of 
the system). However, steady state analysis investigates long 
term voltage stability by providing information like system 
loading margin, contributing factors to voltage instability, 
degree of stability [8]. Equation (1) represents the linearized 
model of the power system at any operating point [9]; 
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where, ∆P, ∆Q are mismatch power vectors. ∆V, ∆θ are 
unknown voltage magnitude and angle correction vectors. 
and, 
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is the Jacobian matrix of real and reactive power flow 
equations, which is known as standard power flow Jacobian. 
For steady state analysis of voltage stability standard power 
flow Jacobian is used and active power is considered as 
constant. Thus, from (1) the standard power flow equation 
becomes                                        
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A.  Q-V Modal Analysis 

    From (3) the following equation for modal voltage and 
small reactive power change can be derived as 

       VJQ RΔ=Δ                                                                     (4) 

where, ∆Q is small change of reactive power, ∆V is small 
change of bus voltage and JR, known as power flow reduced 
Jacobian matrix, can be expressed as follows:                                  

     [ ]PVPQQVR JJJJJ 1−−= θθ                                                  (5) 

From JR matrix following expression can be obtained, 

     nxnnxnnxnRJ ηξ Λ=                                                          (6) 
where, ξ = matrix of right eigenvectors corresponding to all 
eigenvalue of the system (nxn), Λ = diagonal matrix of system 
eigenvalues (nxn) and η = matrix of left eigenvectors 
corresponding to all eigenvalues of the system (nxn). Here, n 
is the number of buses. By using (6) expression for modal 
voltage and modal reactive power variations corresponding to 
ith eigenvalue can be obtained, 
      vi = λi

-1qi                                                                           (7) 
where, vi  = modal voltage variation and qi = modal reactive 
power variation, λi = eigenvalue of ith mode obtained from JR 
system matrix. 
     Magnitude and sign of the eigenvalues of Q-V modal 
matrix provide the information about system static voltage 
stability. As the system becomes stressed, one of the 
eigenvalues of JR becomes smaller and the modal voltage 
becomes weaker. If the magnitude of the eigenvalue is equal 
to zero, the corresponding modal voltage could be assumed to 
be at the point of collapse. A system is called as voltage stable 
if all the eigenvalues of JR system matrix are positive, if any of 
the eigenvalue is negative, the system is unstable [9], [10].  

B.  Bus Participation 
   The left and right eigenvectors corresponding to the smallest 
eigenvalue (critical mode) of the system can confer 
information regarding the mechanism of voltage instability, by 
identifying the element participating in the corresponding 
mode. The bus participation factor measuring the participation 
of the kth bus to the ith mode can be given as 

        ikkikiP ηξ=                                                                       (8) 

where, Pki is the kth bus participation factor of the ith 
eigenvalue, ξki right eigenvector (column vector) for the ith 
eigenvalue, ηik left eigenvector (row vector) for the ith 
eigenvalue. 
      Bus participation factors corresponding to the critical 
modes can predict areas or nodes in the power system 
susceptible to voltage instability. Buses with large 
participation factors to the critical mode correspond to the 
most critical system bus or the weakest bus of the system and 
the close proximity where the top ranked weak buses are 
located is known as weak area of the system.  

III.  PV GENERATOR MODEL 
     Photovoltaic generator is based on semiconductor device 
and solid-state synchronous voltage source converter that is 
analogous to a synchronous machine except the rotating part. 
It generates a balanced set of sinusoidal voltage at 
fundamental frequency with rapidly controllable amplitude 
and phase angle. Voltage source converter converts a DC 
input voltage into AC output voltage and supply active and 
reactive power to the system. Fig.1 shows the schematic 
diagram of the grid connected PV generator. 

 
Fig. 1.  Schematic diagram of single-stage PV. 

A.  Photovoltaic Array 

   Solar cell is the basic building block of the photovoltaic 
array, which is a semiconductor device capable of generating 
electric power from solar radiation. The performance of the 
solar cell strongly depends on the  radiation and temperature 
[11], [12]. As the solar cell is only capable of generating very 
low terminal voltage and output current, so, for the working 
purposes many cells are connected in series to form higher 
voltage across the terminal and connected in parallel to form a 
module. For large scale operation of PV generator, modules 
are connected in series and parallel to form array. The array 
output current equation can be derived from basic solar cell 
output current equation and can be represented as 
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where, IPV = array current (A), VA = array voltage (V), q = 
electron charge ( C19106.1 −× ), k = Boltzmann’s constant  
( )1038.1 19−× , n = ideal factor, T = ambient temperature, I0 
= reverse saturation current A), Rs = array series resistance 
(Ω), ISCA (G) = NpISC (G), NS = NCSNSM, NP = NSP, NSM and NSP 
represent the number of modules connected in series and 
parallel in the photovoltaic array,  respectively, NCS = number 



                                                                                                                                                                                    
 
of series connected cells in a module, ISC = cell short circuit 
current (A)  and G = solar insolation at any instant (W/m2).  
Temperature dependency of reverse saturation current of the 
cell can be expressed as follows, 
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where, Ir = reverse saturation current at standard temperature 
(A), Tc = operating temperature (Kelvin), Tr = reference 
temperature at standard test condition (Kelvin) ,  EG = Energy 
band gap of solar cell at operating temperature (V). 
 

Temperature and radiation sensitiveness of the solar cell 
photocurrent can be expressed as follows: 

       ])([ GTTII rcphSC −+= α                                               (11) 
where, Iph = photocurrent at standard condition (A),  α = cell 
temperature coefficient for short circuit current and G = solar 
insolation (W/m2).  
 

Now, the DC output power of the system can be represented 
by the following equations,  

       PVAdc IVP =                                                                     (12) 
where, VA = PV array terminal voltage, and IPV = PV array 
output current. 

B.  Power Conditioning Device 
    Power electronic devices are used for the efficient 
interfacing between PV array and grid. All the system 
dynamics of PV generator are related to power conditioning 
unit [13]. The state variables related to converters and their 
controllers are 

         [ ] [ ]αmIIVx qddc=                                               (13)
  
where, Vdc = DC link capacitor voltage, Id and Iq represent dq 
current components of the voltage source inverter, m = voltage 
source converter modulation index, and δ = phase angle 
control of the inverter. 
   DC power generated from the PV array is considered to be 
the real power injected in the network. Real and reactive 
power generation of the system is controlled by voltage source 
converter. For proper analysis, three-phase inverter terminal 
voltage is converted into d-q axis voltage component (Park’s 
voltages). Park’s voltages are related to the PV array terminal 
voltage by the following relationship [14]: 
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where, m is modulation index (0,1),  δ is the phase angle 
(±π/2,0) and  VA represents PV array terminal voltage. 

Let us assume that the DC power generated by the PV array is 
delivered to the network, then 

      t

sA
acdc X

VmVPP δsin6128.0==                                      (15) 

and, the reactive power equation of the PV generator can be 
represented as 

      t

s

t

A
ac X

V
X

mVQ −= δcos6128.0                                         (16) 

where, Vs = grid bus voltage (V), and Xt = impedance  between 
inverter terminal and grid bus (Ω). 

IV.  SIMULATION RESULTS 

      Single line diagram of IEEE-14 bus test system which is 
used for the study is depicted in Fig. 2. In the system, there are 
five synchronous generators among which three of them are 
synchronous compensators. There are twenty branches and 
fourteen buses with eleven loads totalling 362.5 MW and 
108.5 MVAr. A 10 MWP [MW peak] size of PV generator has 
been considered; while for the investigation of the penetration 
effect of the PV generator on static voltage stability, PV 
generator size was increased by 10 MWP step size. Static data 
of PV generator for static voltage stability are taken from [15]. 
Results included in this paper were obtained using MATLAB 
and MATLAB based power system analysis software known 
as PSAT [16]. 

 
Fig. 2.  Single line diagram of IEEE-14 bus test system. 
 

A.  Effect of PV Generator 
    First, Q-V modal analysis has been performed for the base 
case and then for system with PV. Table I illustrates the three 
lowest eigenvalues at the base case. The critical eigenvalue of 
the system at the base case is 2.4855, which implies system is 
voltage stable and the saddle-node bifurcation point is not yet 
reached. 

TABLE I 
THREE LOWEST EIGENVALUES AT THE BASE CASE 

Lowest eigenvalues 
Mode Eigenvalue 

6 2.4855 
7 5.4293 
8 7.4796 

 

Fig. 3 illustrates the participation of different buses on the 
critical eigenvalue. From the figure it is clear that bus 14 is the 
most contributing bus in this mode, which implies the weakest 
bus of the system is bus 14. The weak area of the system is 
identified as the area which consists of buses 14, 11, 9 and 10, 
as buses 11, 9 and 10 are the weak buses next to bus 14. 



                                                                                                                                                                                    
 

 
Fig. 3.  Participation of system buses on the critical eigenvalue. 
 

In order to see the impact, a PV generator of 10 MWp is 
installed at the weak area which consists of buses 14, 10, 9 
and 11. PV generator is installed at the midpoint of the line in 
between bus 14 and 9. Table II shows the critical eigenvalues 
of the system with PV installed in the line between bus 14 and 
9. From the table, it is clear that the degree of system voltage 
stability has been increased after addition of a PV generator to 
the weak area of the system. The magnitude of the lowest 
eigenvalue which is indicative of the degree of voltage 
stability has increased from 2.4855 to 3.6155.  In this case, the 
PV generator is operating at 0.85 lead-lag power factor. 
 

TABLE II 
THREE LOWEST EIGENVALUES OF THE SYSTEM WITH PV 

Lowest eigenvalues 
Mode Eigenvalue 

3 3.6155 
5 10.033 
8 5.9246 

 

Now, a PV generator has been installed at bus 14 and different 
power factor operation of the PV generator has been 
considered. Fig. 4 depicts the effect of different power factor 
operation of the PV generator on the critical eigenvalue of the 
Q-V modal matrix. 
From Fig. 4 it can be observed that PV integration to the 
system can increase the degree of voltage stability of the 
system. Here the power factor is varied from 0.7 (both leading 
and lagging) to unity. Different power factor operation of PV 
has significant impact on critical mode as expected, as with 
the varying power factor the PV generator is dispatching 
reactive power as well. When the PV generator operates at 
0.70 lead-lag power factor, the degree of stability is high 
among others. 

B.  Effect of PV Location 
   Integration of PV generator to the grid depends on various 
factors like solar radiation; land availability, transmission line 
right-of-way, etc. So, it may not be possible to integrate the 
PV generator at the weakest bus or the weak area of the 
system. However, the loading of the system is not constant at 
all time. Therefore, the effect of load increase and PV location 
on system voltage stability has been analyzed next. 
 

 
Fig. 4. Comparison of system critical eigenvalues at different operation 
scenarios. 
 

But, it is difficult to predict loading pattern of the system as it 
is very complex. In conventional voltage stability analysis the 
load of each bus is increased at the same rate, as mentioned for 
conventional loading direction in this paper. But in reality load 
at the different bus can be changed in different direction, at 
specific time load of some buses may increase while load in 
other buses remain unchanged or decreased. For this study we 
have considered both the conventional loading direction and 
realistic loading direction proposed in the literature [5] to find 
the loading margin of the system with PV generator. For 
realistic load direction, IEEE-14 bus system is split into two 
areas, namely area-1 and area-2. Buses 1-3, 5 and 6 are in 
area-1 and buses 4, 7-14 are in area-2. Table III illustrates the 
percentage of load increase and the area factor for realistic 
loading direction. PV has been placed at different system 
buses based on bus weakness. For this analysis 10 MWp size 
of PV generator and 0.95 lead-lag power factor operation of 
PV is considered. Fig. 5 shows the system loading margin for 
two different loading directions and PV generator location on 
P-V curve. From the figure it is clear that PV location and 
loading direction has significant impact on loading margin. 
System with PV generator at bus 12 (conventional loading 
direction) has less loading margin than system without PV 
(realistic loading direction).  
 

TABLE III 
THE PERCENT OF LOAD INCREASE AND AREA FACTOR FOR REALISTIC 

LOADING DIRECTION 
Area % load change Area factor 

1 20.00 0.2944 
2 80.00 1.0000 

 

 
Fig. 5. Loading margins of IEEE-14 bus test system for different loading 
directions (with and without PV). 
 
 



                                                                                                                                                                                    
 
Table IV illustrates the effect of PV location on the system 
critical eigenvalue for normal and N-1 contingency.  For this 
analysis 0.95 lead-lag power factor operation of PV is 
considered and fault on line 1-5 is considered for N-1 
contingency analysis as the outage of this line has severe 
effect on system performance. Critical eigenvalue of the 
system at the base case for this particular N-1 contingency is 
2.4436. 
 

TABLE IV 
IMPACT OF PV LOCATION ON CRITICAL EIGENVALUES 

PV location 
bus  

Critical eigenvalues 
Normal N-1 

12 2.6697 2.4025 
13 2.6898 2.6091 
14 3.9398 3.6791 

10,12 4.5266 4.4966 
9,13 6.4356 6.4346 
5,14 3.9046 3.8876 

 

From the Table IV it can be observed that in all cases the 
critical eigenvalue is higher than the case without PV for 
normal operating condition, while during N-1 contingency PV 
location at bus 12 reduced the degree of stability then the base 
case for that particular N-1 contingency. From the table, it is 
worthwhile to note that in most of the cases scattered PV 
location improves the degree of voltage stability. 

C.  Effect of PV Penetration 
    The effect of an increased PV penetration on power system 
voltage stability has been studied in IEEE-14 bus test system. 
The following scenarios are considered for the analysis, 

• PV generator at a single location. 
• Scattered PV generator location. 

For both single and scattered PV penetration, 10 MWP to 40 
MWP with 10 MWP step size has been considered for the 
analysis.  
Fig. 6 shows the effect of single location PV penetration on 
the degree of system stability. From the figure it can be noted 
that for all buses increase in penetration does not have the 
positive impact on the system stability. At some location (e.g., 
bus 12), penetration of PV does not appear to contribute to the 
voltage stability of the system, meanwhile other position (Bus 
9) has both positive and negative impact on voltage stability 
with incremental penetration. It can be noted that at bus 9, size 
up to 20 MWp improves the degree of voltage stability, and 
beyond 20 MWp the degree of voltage stability has been 
reduced. 
Fig.7 shows the impact of scattered PV penetration on the 
degree of system stability. For scattered penetration, PV 
generators are placed in three different ways: 

• All PVs are in the weak area of the system. 
• All PVs are in the strong area of the system. 
• PV penetration both in weak and strong area. 

From the figure it can be observed that scattered PV 
penetration enhances the degree of stability. However, the 
degree of stability enhancement strongly depends on the 
location of PV. 

 
Fig. 6. Effect of PV penetration on the degree of stability for single location.  
 

 
Fig. 7. Effect of PV penetration on the degree of stability for scattered 
location.  
 

P-V curves of the system with concentrated and scattered PV 
generator penetration are plotted in Fig. 8. From the figure it 
can be noted that during higher penetration level, concentrated 
penetration at bus 14 provides higher loading margin than the 
scattered penetration at buses 5 and 14 for the same PV size. 

 
Fig. 8. P-V curve for different PV penetration.  
 

 



                                                                                                                                                                                    
 

V.  CONCLUSIONS 
The paper examines the impact of large-scale PV 

penetration on static voltage stability of power system. Based 
on simulation results, it appears that PV location, sizes and the 
way they are integrated, i.e., as concentrated or scattered, have 
profound impact on static voltage stability of the system.  
Moreover, power factor of PV generators also influences the 
degree of voltage stability as well. Lead-lag power factor 
operation of PV generator is better compared to unity power 
factor, while current grid code requirement for distributed 
generators less than 30 MW strictly stipulate unity power 
factor operation. The results suggest that there are possibilities 
for considering some PV generators as ancillary service 
providers for static voltage stability enhancement of power 
systems. 
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