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ABSTRACT 
This research has initiated a comprehensive exploration of the potential for 
integrating photovoltaic (PV) energy sources into the power distribution 
system to enhance reliability. The study aims to provide a critical and 
systematic analysis of a PV grid-connected system modeled for the 33/11 kV 
Karu network, which consists of a 22-bus system. The model was developed 
to reduce active power losses and improve the voltage profile of the network. 
A forward and backward sweep power-flow technique was used to analyze the 
network and assess its actual operating conditions. Active power losses and 
voltage deviations were simulated using DIgSILENT Power Factory, ensuring 
that all system conditions were satisfied. The total base-case power loss of 
the Karu 22-bus network prior to the integration of the PV system was 418.32 
kW, with a minimum voltage of 0.8934 p.u. After the integration of the PV 
sources, the power loss was reduced to 315.48 kW, representing a 32.59% 
reduction in power loss while the minimum voltage improved to 0.9801 p.u.It 
can be concluded that the proposed method achieved a 32.59% reduction in 
power loss through the injection of PV at the Karu/Nyanya, Jikwoyi, and Karshi 
injection substations, compared to the initial base-case scenario without PV 
integration. 
 
1. INTRODUCTION 

The power demand in Nigeria far 
exceeds the available supply. It is well known 
that global energy consumption has significantly 
increased, driven by the rising energy needs of 
industrial applications [3]. As a result, there is a 
growing focus on alternative energy sources 
that are both inexhaustible and clean, such as 
solar and wind energy, to reduce reliance on 
fossil fuels and other quickly depleting and 
environmentally harmful energy sources [5]. 
Among these, photovoltaic (PV) solar energy is 
recognized as one of the most widely used 
natural energy sources [4] PV grid-connected 
systems have gained considerable attention 
due to the vast market potential for integrating 
solar power into distribution networks. This work 
aims to develop a multi-objective nonlinear 
control method to ensure the efficient operation 
of a PV grid-connected system. The control unit 
is designed to perform two primary functions. 
The first is to operate the PV generators at their 
maximum power by employing a maximum 
power point tracking (MPPT) algorithm. Various 

algorithms are available for this purpose, 
including the perturb and observe (P&O) and 
incremental conductance methods. This focus 
has intensified due to the rapid advancements 
in solar cell technology in recent years, leading 
to improved efficiency and reliability [11]. The 
connection of PV arrays to the grid is typically 
achieved using a voltage source converter 
(VSC), which may include an intermediate DC-
DC converter, a transformer, or both. It has 
been noted that high-bandwidth control of grid 
active and reactive power is achieved by directly 
controlling the currents of the VSC [13] Today, 
PV applications are generally categorized into 
two main types: (i) standalone systems and (ii) 
grid-connected systems. [15] 

 
2. Photo Voltaic cells 
 Electricity is directly generated from 
sunlight, when photons (light) are absorbed by 
semiconducting materials (e.g. silicon) in a solar 
cell [27]. The negatively charged electrons are 
knocked and loose from their atoms, and flow 
through the material thereby producing 
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electricity. The complementary positive 
charges, holes, flow in the opposite direction. 
This process is known as photovoltaic effect 

[18]. Figure 2.1 shows a Photovoltaic 
Phenomenon and depicts how sunlight is 
converted directly in to electricity. 

                          

Figure 1:  Photovoltaic Phenomenon [17] 
 
 
 A photovoltaic cell, also known as a 
photoelectric cell, is a semiconductor device 
that converts sunlight into electrical energy 
through the photovoltaic effect. When the 
energy of a light photon exceeds the band gap, 
it emits an electron, and the movement of these 
electrons generates an electric current. circuit 
[24]. The power converted into electricity is the 
square of the current multiplied by the 
resistance of the circuit. In PV system, each PV 
cell is connected together to form a module and 
several modules are connected together to form 
an array, while string is the combination of 

several arrays. The PV generation system has 
two major problems; these are low efficiency 
and weather dependency. PV array has 
nonlinear current-voltage characteristics and 
output power depends upon atmospheric 
conditions [31]. 
 The primary goal of mathematical 
modeling for a PV array is to represent its 
behavior and analyze the characteristics of the 
PV modules (Raina et al., 2013). To achieve this 
with fewer parameters and greater simplicity, a 
single diode model is utilized in this work, as 
illustrated in Fig. 2.6 [32] 

 
Figure 2:  Single Diode model of a PV Cell [32] 

 
By applying Kirchhoff’s law to the circuit above Figure 2.2, the output current of the PV Cell can 

be obtained as (Z. Yang et al., 2017): 
    𝐼 =  𝐼௦௖ −  𝐼ௗ −  𝐼௦௛                          (1) 
         𝐼௦௛ =   

௏ାூோೞ

ோೞ೓
                                 (2) 

        𝐼ௗ =   𝐼଴ ቆ𝑒
(ೇశ ೃೞ ಺)

ೌೇ೅ − 1ቇ             (3) 
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𝐼 =  − 𝐼଴ ൬𝑒
೜(ೇశ ೃೞ ಺)

ಲ಼೅ − 1൰ −  
௏ାூோೞ

ோೞ೓
      (4) 

Where;𝐼௦௖ : Photocurrent  generated by the insidence of light(A), 𝐼ௗ     : Diode Current (A) 
𝐼଴     : Diode Reverse Saturation Current (A), 𝑅௦    : Series Resistance (Ω), 𝑅௦௛  : Shunt 
Resistance (Ω), 

𝑉    : is the output voltage of the PV cell, 𝐴      : Diode Ideality Factor, 𝑇      : Absolute Temperature 
in Kelvin, 𝑞     : Electron Charge (1.60217646 × 10-19 C), 𝐾    : Boltzmann Constant (1.3806503 × 10-

23 J/K). 
System configuration and modelling 

with power grid. The system configuration 
model of PV grid connected system shows in 
Figure 2.3 which presents a simple structure. In 
fact, it is composed of two Photovoltaic. The 
system consists of two photovoltaic (PV) 

panels, a DC/AC half-bridge inverter with a 
capacitive divider, and an LCL filter that helps 
reduce harmonic currents. By applying 
Kirchhoff’s laws to the system depicted in Figure 
2.3, the switched model can be represented by 
the following equations[8]. equations [3].

 

 
Figure 3: Single stage grid connected PV configuration [3] 

 

𝐿௚ 
ௗ௜೒

ௗ௧
=  −𝑟௚𝑖௚ +  𝑉௖ −  𝑉௚  (5) 

C
ௗ௏೎

ௗ௧
=  𝑖௜௡௩ −  𝑖௚   (6) 

 
The  line  data and bus data of  the  

33kV Interconnected  Network Kubwa, Abuja  
was obtained  from  the  Transmission  line  data  
for  the  33kV network  which  includes  

resistance  and  reactance  of  the lines is given 
in to be used while figure 4 shows the single line 
diagram of Kubwa 132/33 network and the real 
and reactive power on each bus of the network 

 
Figure 4: Single line diagram of Kubwa of 33kV 
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DigSILENT The power factory software 
employs the Newton-Raphson (NR) method to 
solve nonlinear equations. In this software, the 
choice of method for formulating the nodal 
equations is determined by the user, depending 
on the type of network being analyzed. The NR 
method is utilized in this work due to its rapid 
convergence when dealing with power 
equations for large transmission systems. In the 
software, the nodal equations that represent the 
analyzed networks are implemented in two 
different ways. 
1. NR current equations 
2. NR (power equations, classical). In both 

ways, the resulting equations from the non-
linear system must be solved by an 
iterative method. The calculation method in 
use is an AC load flow, balanced positive 
sequence 

 
In the process of evaluating the 

operation and control of the network, the 
following Question were asked 

1. Are the Busbar voltages in the 
network acceptable 

2. What are the loading of the 
Transformers and Transmission lines 
in the network 

3. How can optimal operation of the 
power system be achieved 

 
The DigSILENT flowchart shows the  

sequential modelled and power flow of 33/11kV 
22-bus network considering Real power loss 
and Voltage profile improvement used in this 
research is illustrated in Figure . 

Identify a weak area bus

Model a network

Run a load flow analysis

Display a weak area busbar

Run on power factory (DigSILENT)

Display the results

 
Figure 5: Power flow flowchart in Dig SILENT 

 
The  base  case  (without  network  PV 

connected to the grid  and  PV  deployment),  
only  network grid connected,  only  PV  
connected  and  simultaneous  ran the power 
flow,  PV  placement,  PV sizing  are  presented  

in  this  chapter.  The developed DigSILENT 
model is implemented on a grid Karu 22-bus 
network. The analytical comparison between 
the developed technique with  the  base case 
before injecting PV  
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RESULTS AND DISCUSSION  
The network is modelled on 

DigSILENT to depict the existing network 
conditions. A load flow analysis was conducted 

to ascertain the state of the network conditions. 
The load flow result for the base case and the 
DigSILENT modelled is shown in Figure 6.

 

 
Figure 6: Base case modelled of Kubuwa 33/11kV DigSILENT load flow diagram 

 
Scenario 1: Base Case for 22-bus Network of 33/11kV Kubwa Power Flow 
 

Power flow analysis was carried out 
on 22-Bus network of 33/11kV Karu without PV 
using Newton Raphson.  The active power loss 
and voltage magnitude of the Newton Raphson 
are presented in Figure 7 It is observed that the 
total  power  loss  of  the  base  case  is  
618.72kW, while  the  minimum  voltage  of  

0.8934p.u occurred at bus 12.  The higher 
voltage drop occurred at bus 12 as a result of 
the large distance between the substation and 
bus-12. The base case result (power loss and 
voltage magnitude) of 22-bus 33/11 bus 
network  

 

 
 

Figure 7: Base case active power (MW) graph before PV connection 
 
Scenario II  Karu 33/11kV Network with PV  
 

In this scenario consists of the base 
case and connection of Karu 33kV of 22-buses 
with PV that are affected with low voltage. The 

load flow diagram for this scenario on 
DigSILENT with the Newton-Raphson 
technique is shows in Figure 8 

0
2
4
6

BASE CASE ACTIVE POWER 
(MW) GRAPH BEFORE PV 

CONNECTION
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Figure 8: Base case modelled of Kubuwa 33kV DigSILENT load flow diagram with PV 

 
Scenario II: With PV Grid Connected for Karu 22-Bus Network 
 

Power flow analysis was carried out 
on 33/11 Karu 22-bus network using Newton 
Raphson technique to determine the state of the 
network; total base case power loss of 
511.44kW is obtained. Figures 4.4 and 4.5 show 
the power flow and voltage profile results during 
PV connection only, the total power loss of 
408.26kW is obtained. It is also observed from 
voltage profile result that the minimum voltage 
of 0.9801p.u occurred at bus-12. The PV 
system PV were installed using DigSILENT to 
improve the performance of the network, PV 
sizes and locations,  Four PV were injected to 
four 33/11kV injection Substation under Kubwa 
33/11kV Network. On the Kubwa feeder leading 
to the Karu 33/11kV injection Substation a 4MW 
PV was placed. On the associated injection 
substation on city college feeder a 4MW PV was 

placed on the bus. On the 33/11kV Jikwoyi 
injection Substation 3.5MW PV was placed on 
the bus while for Karshi 33/11kV injection 
Substation 2.5MW PV was placed on the bus.at 
buses 12, 8 and 13 respectively. After the  PV  
installation,  the  power  loss  reduced  from  
618.72kW  to  515.48kW  representing 16.7%  
power  loss  reduction  and  the  voltage  
magnitude  improved  from  0.8934p.u to 
0.9801p.u. It can be deduced that the proposed 
technique recorded a percentage power loss 
reduction  of  16.7%  with  injection of  PV at  
Kubwa/Nyanya,  Jikwoyi injection Substation 
and at Karshi injection Substation  as  against  
the  initial base case of the network with PV 
injection to the grid network system 14, 15 and 
16. 

 

 
 

Figure 9 Active load (MW) with PV connected 
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Figure 10 Voltage Profile with PV Connection 

 
CONCLUSION 

A DigSALENT for the injection of  PV  
grid connected network was model on 33/11kV 
Kubuwa network with 22 bus network has been 
developed in order to reduce the network  active 
power loss and improve voltage profile. Newton 
Raphson power-flow technique analysis  was  
used  to  analyse  the  networks  so  as  to  
examine  the  true  state  of  the  network. Active 
power loss  and  voltage  deviation  were  
formulated  into DigSilent which satisfied all 
system condition. The  total  base  case  power  
loss  of  Karu 22-bus  network  prior to PV grid 
connected network. The  total  base  case  
power  loss  of 33/11 Karu 22-bus  network  prior 
to PV connected  network  and  PV placement 
is 618.72kW, while  the  minimum  voltage  of  
0.8934p.u but after the  power  loss  reduced  
from  618.72kW  to  515.48kW  representing 
16.7%  power  loss  reduction  and  the  voltage  
magnitude  improved  from  0.8934p.u to 
0.9801p.u. It can be deduced that the proposed 
technique recorded a percentage power loss 
reduction  of  16.7%  with  injection of  PV at  
Karu/Nyanya,  Jikwoyi injection Substation and 
at Karshi injection Substation  as  against  the  
initial base case of the network with PV injection 
to the grid. 
 
REFERENCE 
 [1] J. Ahmed and Z. Salam, "An Enhanced 

Adaptive P&O MPPT for Fast and 
Efficient Tracking Under Varying 
Environmental Conditions," IEEE 
Transactions on Sustainable Energy, 
vol. 9, no. 3, pp. 1487-1496, July 
2018. 

[2] B. N. Alajmi, K. H. Ahmed, S. J. Finney, and 
B. W. Williams, "A maximum power 

point tracking technique for partially 
shaded photovoltaic systems in 
microgrids," IEEE Transactions on 
Industrial Electronics, vol. 60, no. 4, 
pp. 1596-1606, April 2013. 

[3] M. Aourir, A. Abouloifa, I. Lachkar, C. 
Aouadi, F. Giri, and J. M. Guerrero, 
"Nonlinear control and stability 
analysis of single stage grid-
connected photovoltaic systems," 
International Journal of Electrical 
Power & Energy Systems, vol. 115, 
p. 105439, Feb. 2020. 

[4] T. S. Babu, J. P. Ram, T. Dragićević, and 
M. Miyatake, "Particle Swarm 
Optimization Based Solar PV Array 
Reconfiguration of the Maximum 
Power Extraction Under Partial 
Shading Conditions," IEEE 
Transactions on Sustainable Energy, 
vol. 9, no. 1, pp. 74-85, Jan. 2018. 

[5] P. Bhatnagar and R. Nema, "Maximum 
power point tracking control 
techniques: State-of-the-art in 
photovoltaic applications," 
Renewable and Sustainable Energy 
Reviews, vol. 23, pp. 224-241, 2013. 

[6] J. Bikaneria, S. P. Joshi, and A. Joshi, 
"Modeling and Simulation of PV Cell 
using One-diode model," 
International Journal of Scientific and 
Research Publications, vol. 3, no. 10, 
pp. 1-4, Oct. 2013. 

[7] C. Carrero, J. Rodriguez, D. Ramirez, and 
C. Platero, "Simple estimation of PV 
modules loss resistances for low 
error modelling," Renewable Energy, 
vol. 35, no. 5, pp. 1103-1108, May 
2010. 

0

100

200

Voltage Profile After 
PV Grid Connection



 
    JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 14(2), JUNE, 2026 

E-ISSN: 3093-0898, PRINT ISSN: 2277-0011; Journal homepage: www.atbufstejoste.com 
 
  

Corresponding author: Momoh, I.O. 
  onimisiily@gmail.com     
Department of Electrical/Electronic Engineering Confluence University of Science and Technology Osara, Kogi State, Nigeria  
© 2026. Faculty of Technology Education. ATBU Bauchi. All rights reserved. 

172 

[8] J. L. Crozier, "Characterization of cell 
mismatch in photovoltaic modules 
using electroluminescence and 
associated electro-optic techniques," 
Ph.D. dissertation, Nelson Mandela 
Metropolitan Univ., South Africa, 
2012. 

[9] M. A. de Brito, L. P. Sampaio, L. G. Junior, 
and C. A. Canesin, "Evaluation of 
MPPT techniques for photovoltaic 
applications," in 2011 IEEE 
International Symposium on 
Industrial Electronics, Gdansk, 
Poland, June 2011, pp. 1039-1044. 

[10] S. Dhar and P. Dash, "A finite time fast 
terminal sliding mode I–V control of 
grid-connected PV array," Journal of 
Control, Automation and Electrical 
Systems, vol. 26, no. 3, pp. 314-335, 
June 2015. 

[11] S. Dhar and P. Dash, "A new 
backstepping finite time sliding mode 
control of grid connected PV system 
using multivariable dynamic VSC 
model," International Journal of 
Electrical Power & Energy Systems, 
vol. 82, pp. 314-330, Nov. 2016. 

[12] C. Emeksiz, A. Akbulut, Z. Dogan, and M. 
Akar, "Optimization of PV Module 
With Single-Diode Model for Tokat 
Region," International Journal of 
Research Science & Management, 
vol. 4, no. 5, pp. 1-8, May 2017. 

[13] L. Gao, R. A. Dougal, S. Liu, and A. P. 
Iotova, "Parallel-connected solar PV 
system to address partial and rapidly 
fluctuating shadow conditions," IEEE 
Transactions on Industrial 
Electronics, vol. 56, no. 5, pp. 1548-
1556, May 2009. 

[14] G. Grandi, C. Rossi, D. Ostojic, and D. 
Casadei, "A new multilevel 
conversion structure for grid-
connected PV applications," IEEE 
Transactions on Industrial 
Electronics, vol. 56, no. 11, pp. 4416-
4426, Nov. 2009. 

[15] R. Hasan, S. Mekhilef, M. 
Seyedmahmoudian, and B. Horan, 
"Grid-connected isolated PV 
microinverters: A review," 
Renewable and Sustainable Energy 

Reviews, vol. 67, pp. 1065-1080, 
Jan. 2017. 

[16] F. Keyrouz, M. Hamad, and S. Georges, 
"A novel unified maximum power 
point tracker for controlling a hybrid 
wind-solar and fuel-cell system," in 
2013 8th International Conference 
and Exhibition on Ecological Vehicles 
and Renewable Energies (EVER), 
Monte Carlo, Monaco, March 2013, 
pp. 1-7. 

[17] D. Y. Kim, S. Hanni, J.-W. Schuttauf, R. A. 
Van Swaaij, and M. Zeman, 
"Quantification of Valleys of 
Randomly Textured Substrates as a 
Function of Opening Angle: 
Correlation to the Defect Density in 
Intrinsic nc-Si 

," ACS Applied Materials & Interfaces, vol. 8, 
no. 32, pp. 20660-20666, Aug. 2016. 

[18] N. Kumar, I. Hussain, B. Singh, and B. K. 
Panigrahi, "Framework of maximum 
power extraction from solar PV panel 
using self predictive perturb and 
observe algorithm," IEEE 
Transactions on Sustainable Energy, 
vol. 9, no. 2, pp. 895-903, Apr. 2017. 

[19] O. Lopez-Santos, G. Garcia, L. Martinez-
Salamero, R. Giral, E. Vidal-Idiarte, 
M. C. Merchan-Riveros, and Y. 
Moreno-Guzmán, "Analysis, design, 
and implementation of a static 
conductance-based MPPT method," 
IEEE Transactions on Power 
Electronics, vol. 34, no. 2, pp. 1960-
1979, Feb. 2019. 

[20] A. McEvoy, T. Markvart, and L. Castañer, 
Practical Handbook of Photovoltaics: 
Fundamentals and Applications. 
Amsterdam, The Netherlands: 
Elsevier, 2003. 

[21] S. Ovaska, "Maximum power point 
tracking algorithms for photovoltaic 
applications," Ph.D. dissertation, 
Aalto Univ., Finland, 2010. 

[22] K. Padmanathan, U. Govindarajan, V. K. 
Ramachandaramurthy, and B. 
Jeevarathinam, "Integrating solar 
photovoltaic energy conversion 
systems into industrial and 
commercial electrical energy 
utilization—A survey," Journal of 



 
    JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 14(2), JUNE, 2026 

E-ISSN: 3093-0898, PRINT ISSN: 2277-0011; Journal homepage: www.atbufstejoste.com 
 
  

Corresponding author: Momoh, I.O. 
  onimisiily@gmail.com     
Department of Electrical/Electronic Engineering Confluence University of Science and Technology Osara, Kogi State, Nigeria  
© 2026. Faculty of Technology Education. ATBU Bauchi. All rights reserved. 

173 

Industrial Information Integration, vol. 
10, pp. 39-54, Mar. 2018. 

[23] Photovoltaic Cell, I., "Characterization 
Theory and LabVIEW Analysis 
Code," National Instruments, 2012. 

[24] D. S. Pillai and N. Rajasekar, 
"Metaheuristic algorithms for PV 
parameter identification: A 
comprehensive review with an 
application to threshold setting for 
fault detection in PV systems," 
Renewable and Sustainable Energy 
Reviews, vol. 82, pp. 3503-3525, 
Feb. 2018. 

[25] J. Poortmans and V. Arkhipov, Thin Film 
Solar Cells: Fabrication, 
Characterization and Applications, 
1st ed., Chichester, UK: John Wiley 
& Sons, 2006. 

[26] G. Raina, M. D. Patil, S. Mandal, R. 
Hedau, and S. Shinde, "A novel 
technique for PV panel performance 
prediction," International Journal of 
Computer Applications, vol. 63, no. 
16, pp. 1-5, Feb. 2013. 

[27] R. Ramabadran and B. Mathur, "Effect of 
shading on series and parallel 
connected solar PV modules," 
Modern Applied Science, vol. 3, no. 
10, pp. 32-41, Oct. 2009. 

[28] T. K. Roy and M. A. Mahmud, "Active 
power control of three-phase grid-
connected solar PV systems using a 
robust nonlinear adaptive 

backstepping approach," Solar 
Energy, vol. 153, pp. 64-76, July 
2017. 

[29] M. Seyedmahmoudian, S. Mekhilef, R. 
Rahmani, R. Yusof, and E. T. 
Renani, "Analytical modeling of 
partially shaded photovoltaic 
systems," Energies, vol. 6, no. 1, pp. 
128-144, Jan. 2013. 

[30] P. Stephane, E. Bruno, and A. Corinne, 
"New P&O MPPT algorithm for 
FPGA implementation," in IECON 
2010 - 36th Annual Conference on 
IEEE Industrial Electronics Society, 
Glendale, AZ, USA, Nov. 2010, pp. 
633-638. 

[31]B. Yang, T. Yu, H. Shu, D. Zhu, N. An, Y. 
Sang, and L. Jiang, "Energy 
reshaping based passive fractional-
order PID control design and 
implementation of a grid-connected 
wolf optimizer," Solar Energy, vol. 
170, pp. 31-46, Aug. 2018. 

[32] Z. Yang, Q. Duan, J. Zhong, M. Mao, and 
Z. Xun, "Analysis of improved PSO 
and perturb & observe global MPPT 
algorithm for PV array under partial 
shading condition," in Proceedings of 
the 2017 29th Chinese Control and 
Decision Conference (CCDC), 
Chongqing, China, May 2017, pp. 
1456-1461. 

 
 
 
 
 
 
 

   
 
 
 
 
 

 
 


