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Abstract— Integration of solar energy based large scale 
Photovoltaic (PV) unit offers significant benefits to power system. 
Since PV units can be installed close to load centres, 
improvement in reliability of network by reducing power loss 
and decrease in greenhouse gas emissions can be achieved. The 
operational characteristics and dynamics of the existing networks 
will be significantly influenced in near future by the continual 
increase in the penetration level of large scale PV. Thus, the 
location and sizing issues of large scale PV need to be 
appropriately addressed. In this paper, an algorithm is proposed 
to identify the optimal location and size of large scale PV in sub-
transmission networks to reduce reactive power losses. The 
preliminary section of this paper provides literature review with 
specifications of IEEE 14 and 30 bus networks. Afterwards, the 
proposed three point loss comparison method based on exact loss 
formula and perturbation and observation (P&O) algorithm has 
been described. Then, the proposed methodology has been tested 
on IEEE networks. The conclusion section summarizes key 
findings.  
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I. INTRODUCTION 
In past, power systems have been designed based on 

unidirectional power flow concept only. But, due to the recent 
growing concerns about greenhouse gas emissions, fuel price 
hike and global warming, emphasis has been put on the 
integration of renewable energy based distributed generation 
(DG) units [1]. Among various available distributed 
renewable resources, integration of solar energy based 
Photovoltaic (PV) unit offers significant benefits to power 
system. PV system is capable of converting the energy 
obtainable in the photon of light into electricity. A PV system 
is superior to conventional power plants because of possessing 
the benefits of low maintenance cost and absence of rotating 
components [2]. Current technical development trends and 
rapid reduction in prices of PV technology indicate that the 
large scale application of PV will soon become one of the 
most commercially and economically attractive and viable 

sources for power generation in the world. United States of 
America is planning to produce 2700 MWp of electricity from 
Westlands Solar Park by 2015 [3]. Officials in Greece have 
initiated a project named Helios to construct a large scale PV 
site of 10,000 MWp by 2020 [4]. In Australia, it is expected 
that the renewable energy sources including large scale PV 
will produce 25% of the total electricity demand by 2020 [5]. 
So, it is widely anticipated that a large number of utility scale 
PV generators will soon be connected to the electrical 
transmission and sub-transmission systems in near future. 
Thus, the existing integration techniques and standards have to 
be updated as well. 

By optimally placing appropriately sized large scale PV, 
reduction in transmission losses with improvement in terms of 
reliability of supply can be achieved. Since research has 
revealed that the optimum photovoltaic size and location 
greatly impact the results of integration in terms of active and 
reactive losses of the networks, failure to do so may result in 
negative consequences [6]. Thus, appropriate tools need to be 
developed to facilitate the sizing and location of large scale 
PV in sub-transmission networks.  

Acharya et al. [7] presented an analytical expression to 
compute the optimal small scale DG size and an innovative 
methodology to identify the optimum location for minimizing 
the real power loss in primary distribution network. 
Afterwards, the proposed technology was verified in three 
distribution test systems. Based on phasor current, Wang and 
Nehrir [8] derived an analytical expression to optimally place 
distributed generation (DG) units in radial and meshed power 
systems to minimize power losses. Although the proposed 
method did not possess any convergence issue, it was only 
suitable for fixed size DG. Kiramani et al. [9] applied heuristic 
search algorithm for the optimal placement of small scale PV 
system to reduce the real power loss in radial distribution 
network. Carpinelli et al. [10] utilized genetic algorithm based 
technique to determine the appropriate size and location of 
small scale DG units such as PV.  Though, genetic techniques 
were identified as an appropriate tool for solving multi-
objective based problems such as DG allocation providing 



near optimal results, amount of computations required to 
perform the task was regarded as the major drawback. Willis 
[11] proposed a “2/3 rule” to optimally place DG on a radial 
feeder with homogeneously distributed loads. It was suggested 
to locate small scale DG units including PV of approximately 
2/3 of the capacity of the incoming generation at 
approximately 2/3 of the length of transmission line. Though 
the proposed method was uncomplicated, this could not be 
utilized to a feeder with different load distribution or to 
networked systems. Krueasuk and Ongsakul [12] utilized 
particle swarm optimization (PSO) method to optimally place 
small scale DG units in a primary distribution network to 
reduce the total real power loss. By means of the proposed 
algorithm, improvement in voltage profiles and reduction in 
branch currents were achieved. Ameli et al. [13] utilized fuzzy 
logic algorithm to optimally place distributed generation units 
to improve the voltage profiles and reduce losses in 
distribution networks. This analysis concluded that the 
location, type and sizing aspects greatly influenced the 
performance of DG in distribution feeders.  

Although, a number of studies have been performed in the 
past in the field of loss reduction with the integration of small 
scale DG including PV, in these studies, the impact of large 
scale PV units has not been adequately assessed. Thus, the 
purpose of this paper is to present an algorithm based on exact 
loss formula and perturbation and observation (P&O) method 
to determine the appropriate size and location of unity power 
factor operated large scale PV to reduce reactive power losses 
in sub-transmission networks. Remaining of the paper is 
organized as follows: Section II presents details of IEEE 14 
and 30 bus networks used in the presented studies. Section III 
describes the modelling of PV system. Section IV illustrates 
the technology known as three point loss comparison method 
to determine the optimal size and location of PV. Afterwards, 
the proposed technology has been verified in section V with 
respect to IEEE reference test networks. The conclusion 
section summarizes key findings.  

II. NETWORK CONFIGURATION 
In this study, IEEE 30 and 14 bus sub-transmission 

networks have been utilized as depicted in Figures 1-2 [14]. 
These two networks have been selected as they are widely 
used in loss reduction studies [14].  

 
Figure 1.  Schematic diagram of implemented IEEE 30 bus system. 

The considered 30 bus sub-transmission network consists 
of six synchronous generators, thirty buses, forty-one branches 
and four transformers. The network possesses twenty one load 
points with a loading level of 283.4 MW and 100.95 MVAR. 
Shunt impedances are located at bus 10 and 24. Network data 
of the implemented system is available from [14]. 

 
Figure 2.  Schematic diagram of implemented IEEE 14 bus system. 

The considered 14 bus sub-transmission network consists 
of five synchronous machines, twenty branches, four 
transformers and eleven constant power (PQ) loads. The 
loading level has been selected as 362.6 MW and 113.96 
MVAR. Three synchronous machines located at bus 3, 6 and 8 
are used for reactive power support only. The remaining two 
located at bus 1 and 2 are used as synchronous generators. 
Network data of the implemented system is available in [14].  

III. MODELLING OF GRID CONNECTED PV SYSTEM 
A PV cell consists of an ideal current source, diode, series 

resistance and parallel resistance that have been characterized 
by following equations in this paper [15]: 

 

             I =  Iୱୡ െ  I୭  ൬e౧Vౚ౤KT െ 1൰ െ VౚR౦                              (1)                                Vୢ = V + IRୱ                                           (2) 
 
where, V, I  = output voltage and current (V, A), n = 

emission coefficient factor, Iୱୡ = short circuit current (A), I୭ = 
diode reverse saturation current (A), q = electron charge (1.602 x 10ିଵଽ C), Vୢ = diode voltage (V), K = boltzmann’s 
constant (1.381 x 10ିଶଷJKିଵ) and T = cell temperature (K).  

In this paper, a single-generator equivalent double stage 
configured unity power factor operated large scale PV unit 



with DC-DC boost converter and DC-AC self-commutated 
inverter has been implemented as depicted in Fig. 3.  

 
Figure 3.  Structural diagram of applied grid connected large scale PV. 

Incremental conductance algorithm has been used to 
perform maximum power tracking (MPPT). Voltage source 
converter (VSC) configuration has been implemented to 
convert the dc voltage of PV into AC. Proportional-Integral 
(PI) algorithm based decoupled current controllers have been 
implemented to independently control the injections of active 
(Pୟୡ)  and reactive (Qୟୡ) powers that have been represented by 
following equations [16] : 

                     Pୟୡ = ଴.଺ଵଶ଼୫V౩VAୱ୧୬ஔX౪                                              (3)                                   Qୟୡ = 0                                                      (4) 
where,  Vୱ = grid voltage (V),  VA  = PV terminal voltage 

(V), X୲ = impedance between inverter and grid terminals (Ω), m = modulation parameter and δ = phase angle (rad).  

IV. DESIGN OF AN OPTIMAL PLACEMENT ALGORITHM 
To define the penetration level of large scale PV, the 

formula stated below has been used in this paper [17-18]: 
 
     Penetration Level (%) =  ∑PLPV∑PL౥౗ౚ  x 100                        (5) 
where, PLPV  = installed generation capacity of large scale 

PV (W) and PL୭ୟୢ = maximum real power load demand that 
can be met by generators (W). It is presumed in this paper that 
the PV units operate at 100% of their capacity. 

 Simulation results have revealed that the reactive power 
loss of sub-transmission network with respect to the size of 
integrated large scale PV is a parabolic function. Thus, to 
formulate the proposed three point loss comparison algorithm 
based on exact loss formula and perturbation and observation 
(P&O) method to obtain the optimum size and location of 
unity power factor operated large scale PV to reduce reactive 
power loss, the following three steps have been followed: 

A. Determination of the Approximate Size of PV via Exact 
Loss Formula 
According to exact loss formula [19]: 
 Q୪୭ୱୱ = ∑ ∑ [α୧୨N୨ୀଵ N୧ୀଵ (P୧P୨+Q୧Q୨) + β୧୨(Q୧P୨ െ P୧Q୨)          (6) 

 
where: α୧୨ = ୶౟ౠV౟Vౠ cos (δ୧ − δ୨) and β୧୨ = ୶౟ౠV౟Vౠ sin (δ୧ −  δ୨)         (7) 

Here, x୧୨ = reactance of a line between bus i and j (Ω), P୧ 
and P୨ = active power injections at bus i and j respectively (W),  Q୧  and Q୨  = reactive power injections at bus i and j 
respectively (VAR), V୧ and δ୧ = ith bus voltage magnitude and 
angle respectively (V, rad), V୨ and δ୨ = voltage magnitude and 

angle respectively for bus j (V, rad). Thus, after the integration 
of unity power factor operated large scale PV, the injected bus 
real power is obtained by following [7]: 

                                  P୧ = PPV୧ െ PL୭ୟୢ୧                                  (8) 
 where, PPV୧ = real power injection from PV unit at bus i (W) 

and PL୭ୟୢ୧ = real component of load at bus i (W). So, reactive 
power loss formula is transformed into following: 

 QL୭ୱୱPV = ∑ ∑ [N୨ୀଵN୧ୀଵ α୧୨ ((PPV୧ െ PL୭ୟୢ୧) P୨ + Q୧Q୨) + β୧୨ (Q୧P୨ െ (PPV୧ െ PL୭ୟୢ୧) Q୨)]                                                         (9) 
At lowest reactive power loss point:  
 
                                   ୢQL౥౩౩PVୢPPV౟  = 0                                      (10) 
Thus, the approximate size of large scale PV:  
  PPV୧ = PL୭ୟୢ୧ +   ଵ஑౟౟[β୧୧Q୧ െ ∑ (α୧୨P୨  െ β୧୨Q୨N୨ୀଵ,   ୨ஷ୧ )]    (11) 

After the installation of large scale PV unit in the network, 
the values of loss coefficients change due to state variables 
such as voltage and angle. Thus, the approximate size of large 
scale PV in (11) is obtained from the base case co-efficient 
values as per (7).   

B. Determination of the Exact Size of PV via Perturbation and 
Observation Algorithm  

With respect to the calculated approximate PV sizes from 
step A, to define the exact sizes with lowest losses, Table I 
have been formulated.  

TABLE I.  TABLE  OF PERTURBATION AND OBSERVATION RULE 

Perturbation in 
PV size 

Change in Differences in 
Reactive Power Losses 

Between Point i and (i-1) 

Next Perturbation in PV 
size 

Positive Positive Negative 
Positive Negative Positive 
Negative Negative Negative 
Negative Positive Positive 

According to the perturbation and observation theory, 
larger perturbation size helps to achieve faster calculation of 
desired point though the accurateness is negatively impacted. 
On the other hand, smaller perturbation step helps to attain 
higher accuracy at the expense of calculation speed [20]. To 
improve both properties, a variable perturbation size concept 
to determine the exact PV size has been introduced in this 
paper. In this technique, the slope of the reactive loss curve is 
used as a measure of closeness to the designed solution. To 
strike a compromise between accuracy and precision, 
perturbation step size is gradually reduced as the steepness of 
the curve lowers.  

C. Confirmation of Results 
The results achieved in step 2 are confirmed via three point 

loss comparison method as depicted in Fig. 4.  



 
 

Figure 4.  Flowchart of proposed three point loss comparison method.  

Initially, the point (Nୟ) with the lowest reactive power loss 
as calculated by (10) is selected with the preceding (Nୠ) and 
succeeding (Nୡ) ones. Afterwards, based upon the comparison 
results and the formula (M = M1+M2), exact size of large 
scale PV at each bus obtained via step 2 is verified to 
determine the optimal value. Therefore, according to the 
proposed method, the allocation procedure of large scale PV 
has been designed to resolve the sizing issue first at each bus 
followed by the optimal location issue. The overall 
computational procedure has been depicted below: 

 
(1) Run the base case power flow without PV. 

(2) Find the optimum size of large scale PV for each 
bus using the proposed three point loss comparison 
method.  

(3) Calculate the exact reactive power loss for each bus 
with PV by means of (9).   

(4) Identify the bus at which the reactive power loss is 
minimum to be regarded as the best candidate for 
allocation.  

(5) Run the concluding power flow with PV to verify 
the results. 

In this paper, the following constraints have been specified: 
 

• Bus voltage with PV is within upper and lower 
limits [1]. 

• The new reactive power loss with PV is less than 
the base case. 

• Maximum penetration level of large scale PV is 
25% as per (5) [5].  

V. DISCUSSION OF RESULTS 
Without PV, for IEEE 14 bus network, the reactive power 

loss has been noted as 92.16 MVAR. The obtained results for 
IEEE 14 bus system (excluding slack bus) in terms of reactive 
power losses have been depicted in Fig. 5.  

 
Figure 5.  Reactive power losses of IEEE 14 bus system with PV. 

Slack bus has been excluded from analysis as the 
integration of PV at slack bus does not produce any significant 
outcome in terms of reactive power loss reduction. Thus, it 
can be concluded from Fig. 5 that the integration of large scale 
PV provides positive impact in terms of reactive power loss 
reduction in IEEE 14 bus network.  Power losses vary 
between 43.54 - 76.78 MVAR after integrating PV with a size 
range of 84.58 - 90.62 MW and non-generator bus 9 has been 
identified as the best location.   

To analyse the impact of placing large scale PV at the bus 
with lowest reactive power loss on static voltage stability, the 
following analyses have been performed: Saddle node 
bifurcation is recognized as one of the most significant static 
factors for voltage stability issues in power system. According 
to this bifurcation theorem [21]:  

 
                                g(y, λ) = 0                                        (12)                              ׏୷g(y, λ)v = 0                                        (13)                                               |v|=1                                             (14) 

or                                        g(y, λ) = 0                                      (15)                            ׏୷ g(y, λ)Tw = 0                                      (16)                                               |w|=1                                            (17) 
where, w and v are the left and right eigenvectors 

respectively. After the integration of 90.62 MW PV at bus 9, 
the maximum loading margin of the network increases by 
10.54%. During contingency analysis, the figure has been 
identified as 10.82% for the loss of transmission line from bus 
5-4, 11.82% for the loss of synchronous generator at bus 2 and 
11.53% for the loss of reactive power compensation unit at 
bus 8.    

Synchronous generator reactive power limit induced 
bifurcation has been incorporated in this paper as per 
following [22]: 
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                      Q୧୥୫୧୬≤Q୧୥≤Q୧୥୫ୟ୶ (i = 1, 2, … ,n)            (18) 
 
After the integration of PV at bus 9, the maximum loading 

margin with respect to the synchronous generator reactive 
power limit induced bifurcation has been increased by 12.48%. 
The figure has been noted as 15.44% for the loss of 
transmission line from bus 5-4, 11.38% for the loss of 
synchronous generator at bus 2 and 12.30% for the loss of 
reactive power compensation unit at bus 8. 

During limit induced bifurcation, the lack of steady state 
solution is due to the system controls reaching generator 
control or transmission network power flow limits [22]. With 
standard network, the maximum loading margin during 
transmission network MVA flow constrained analysis has 
been calculated as per following formula [22]: 

                            S୧୨  ≤  S୧୨୫ୟ୶                                                 (19) 
After the integration of PV at bus 9, the maximum loading 

margin with respect to the transmission network MVA flow 
constrained bifurcation has been increased by 10.54%. The 
figure has been identified as 10.82% for the loss of 
transmission line from bus 5-4, 11.82% for the loss of 
generator at bus 2 and 11.53% for the loss of reactive power 
compensation unit at bus 8. Thus, it can be also observed that 
the saddle node bifurcation occurs before transmission 
network MVA flow constrained bifurcation in IEEE 14 bus 
system.  

The singular values of Jacobian matrix attained via singular 
value decomposition (SVD) analysis are widely utilized to 
evaluate voltage stability [23]. The power flow equation 
depicted in (20) has been considered in this paper [23]. 

                                     [ΔP                                   ΔQ] =൤Jଵଵ JଵଶJଶଵ Jଶଶ൨  [ΔθΔV]                        (20) 

where, P = active power (W), Q = reactive power (VAR), θ 
= node angle (rad), V = node voltage (V) and J = jacobian 
matrix of standard power flow. According to the theorem [24]: 

                                           J = L⋀RT                                       (21)                                             = ∑L୨⋀୨R୨T  (j = 1, 2, … ,n)    (22) 
where, ⋀୨  = singular values, R୨  and L୨ = right and left 

singular vectors respectively. Thus, for a non-singular 
Jacobian matrix, the minimum singular value describes the 
closeness to voltage collapse. With PV at bus 9, the relative 
stability of the network improves by 5.95%. The figure has 
been calculated as 6.71% for the loss of transmission line from 
bus 5-4, 9.05% for the loss of synchronous generator at bus 2 
and 7.86% for the loss of reactive power compensation unit at 
bus 8. 

Modal analysis defines power system’s proximity to 
voltage collapse while detecting the causes of instability. 
According to the theorem, after letting ΔP  = 0 in (20), the 
characteristic equation is obtained as per (23) [25]. 

 
                  ΔQ = [ Jଶଶ െ JଶଵJଵଵିଵJଵଶ] ΔV = JR ΔV           (23) 

Thus, the voltage stability features of the designed network 
can be investigated by computing eigenvalues of JR (reduced 
Jacobian matrix) as the eigenvalues classify operational modes 
through which instability can occur in the network. Value of 
the minimum eigenvalue characterizes a relative measure of 
proximity to voltage collapse. With large scale PV at bus 9, 
the minimum eigenvalue of the network improves by 0.6%. 
The figure has been found as 0.83% for the loss of 
transmission line from bus 5-4, 0.72% for the loss of generator 
at bus 2 and 0.9% for the loss of reactive power compensation 
unit at bus 8. Thus, it can be concluded that the integration of 
appropriately sized large scale PV at the bus with lowest 
reactive power loss positively influences the static voltage 
stability of IEEE 14 bus network. However, it should be noted 
that if the key objective is to achieve the best results in terms 
of network’s static voltage stability, the calculated values may 
not be the optimal choices in this regard.  

For IEEE 30 bus system, the following loss characteristics 
figure (excluding slack bus) has been noted:  

 
Figure 6.  Reactive power losses of IEEE 30 bus system with PV. 

Thus, the usefulness of large scale PV in terms of reactive 
power loss reduction has been proved from Fig. 6 with respect 
to the base case loss of 32.68 MVAR. Bus 10 which is a non-
generator bus has been identified as the best location to reduce 
reactive power loss. The power losses vary between 3.22-
22.34 MVAR with a PV size range of 41.56 - 70.85 MW.  

To analyse the impact of inserting 70.85 MW sized PV at 
bus 10 on static voltage stability of IEEE 30 bus system, the 
following analyses have been performed: With respect to the 
standard maximum loading margin as per (12 -17), with PV, 
the maximum loading margin improves by 3.6%. The figure 
has been calculated as 3.63% for the loss of transmission line 
from bus 12-14, 4.5% for the loss of reactive power 
compensation unit at bus 11 and 6.21% for the loss of 
generator at bus 2.  

With respect to the synchronous generator reactive power 
limit induced bifurcation as per (18), after the integration of 
PV at bus 10, the maximum loading margin has improved by 
11.31%. The figure has been noted as 11.37% for the loss of 
transmission line from 12-14, 11.85% for the loss of reactive 



power compensation unit at bus 11 and 11.5% for the loss of 
synchronous generator at bus 2.  

With respect to transmission network MVA flow 
constrained bifurcation as per (19), after integrating PV at bus 
10, the maximum loading margin improves by 3.6%. The 
figure has been calculated as 3.63% for the loss of 
transmission line at bus 12-14, 4.5% for the loss of reactive 
power compensation unit at bus 11 and 6.21% for the loss of 
synchronous generator at bus 2. It has been also noted that the 
saddle node bifurcation occurs before transmission network 
MVA flow constrained bifurcation in IEEE 30 bus network 
like previously described 14 bus system.  

After performing singular value decomposition analysis as 
per (21-22), it has been noted for standard case that the 
inclusion of 70.85 MW PV at bus 10 improves the relative 
stability of the network by 3.34%. During contingency 
analysis, the following figures have been noted: 3.39% for the 
loss of transmission line from bus 12-14, 4.01% for the loss of 
reactive power compensation unit at 11 and 4.43% for the loss 
of generator located at bus 2.  

After performing modal analysis as per (23), with large 
scale PV at bus 10, the minimum eigenvalue of the network 
improves by 0.45%. The figure has been calculated as 0.50%, 
0.98% and 0.58% for the loss of transmission line (bus 12-14), 
reactive power compensation unit (bus 11) and synchronous 
generator (bus 2) respectively.  

VI. CONCLUSION 
This research paper presents an accurate and fast algorithm 

to identify the optimum location and size of large scale PV 
units in sub-transmission networks to reduce reactive power 
losses. It can be concluded that the integration of large scale 
unity power factor operated PV unit provides positive 
outcome in terms of reactive power loss reduction. Location 
and size of PV are crucial factors in this application. It can be 
also observed that the integration of appropriately sized large 
scale PV at the bus with the minimum reactive power loss 
positively influences the static voltage stability of sub-
transmission networks.  
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