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Abstract— Electricity has become part of humanity as it 
is needed in every area for infrastructural, economic 
and technological development of every institution and 
nation at large. However, abnormality in voltage profile 
and constant power losses has led to shortage in 
quantity of power received by the load station from the 
transmission and generation station. In this study, static 
synchronous series compensator (SSSC) flexible 
alternating current transmission system (FACTS) and 
static synchronous compensator (STATCOM). FACTS 
were utilized in voltage profile stability and reduction in 
power losses of a Nigerian 330 kV 10-bus transmission 
power system that cuts across two zones: South- East 
and South-South, Nigeria. Newton Raphson algorithm 
was used in carrying out the power flow analysis where 
the weak bus being Okpai generation station (GS) was 
identified, having a per unit voltage value of 0.87499. 
On incorporating the FACTS, it was observed that the 
system with FACTS showed a tremendous improvement 
as the voltage at Okpai GS improved to 0.9511 with 
shunt FACTS, and 0.9529 with series FACTS. Also, 
based on the results obtained, it was concluded that the 
series FACTS had a better performance in voltage 
profile stability and reduction in power losses. 

Keywords— FACTS, Power Loss, 
TransmissionNetwork, Voltage Profile, Synchronous 
Compensator, Newton Raphson Algorithm, Power Flow 
Analysis 

 
1.         INTRODUCTION  

          Nigeria has the largest population of over 
201million people in Africa with a land mass of 356,667 
sq. miles (923,768 sq. km) with six geopolitical zones [1]. 
Due to the constant growth of population and 
industrialization (small scale and medium scale 
enterprises), the demand for electricity has also increased. 
Adequate power is always a necessity and also a 
prerequisite for economic growth. Nigeria is ranked as one 
of the countries in Sub-Sahara Africa nations to possess 
the largest economy in Africa with regards to gross 
domestic product (GDP) with the main source of growth 
being agriculture. However, Nigerians ranked among the 
lowest as regards to access to electricity in the world [2]. 
Despite these rankings, there continues to be constant 
decline of quantity of power generated majorly as a result 
of losses on the transmission and distribution line 
networks. These line losses are not just prevalent in 

Nigeria as many developed and developing country also 
deal with high power losses. 

Electricity generation, distribution and 
transmission are highly capital intensive as it needs huge 
funds to set up but the benefits are huge as it aids any 
nation to advance economically and technological thereby 
reducing the poverty index of that country.  At the 
inception of electricity, the demand for electricity at earlier 
times were very minute leading to building and 
development of small power stations to supply lighting 
and heating loads [3]. The movement of electric power in 
the power lines from a power station to consumers’ 
premises is known as electric supply system [4]. 
Therefore, an electric supply system consists of three main 
components which include the power generation, the 
transmission system and the distribution system. Electric 
power generated at power stations (usually located far 
away from consumers), is then stepped up and transmitted 
over long distances from the power stations to load centers 
by means of conductors known as transmission lines. 
Transmission lines consists of primary and secondary (or 
sub) transmission stages [5]. 

         The essential reason for embarking on transmission 
power system network is to ensure appropriate generation 
and transmission of electricity. Transmission lines being a 
specialized cable or other structure designed to conduct 
electromagnetic waves in a contained manner are utilized 
for transmission of power at high voltages from the 
electricity generation stations to the transmission 
substations and various lower voltages distribution station 
as these are located in various areas of any electricity 
transmitting stations. Since power transmitted is directly 
proportional to product of voltage and current and the 
losses are directly proportional to the square of current 
signal transmitted, transmission of electricity at high 
voltage is usually applied to minimize the rate of power 
losses [6]. 
        A power line (either transmission or distribution) is 
simply a medium (material medium) which can be situated 
overhead or underground line conductor whose function is 
simply to transmit power from one location to another. Part 
of the reason for occurrence of line losses are as a result of 
degeneration of the quality of the line as a result of 
environmental and climatic impact [2]. Electric power can 
be transmitted or distributed either by overhead lines or by 
underground cables. The underground cables are rarely 
used for power transmission due to the following reasons; 
In the first place, power is generally transmitted over long 
distances to load centers. So, the installation costs for 
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underground transmission will be very high. The initial 
installation cost of underground system is almost double 
that of overhead system [7]. Electrical power can be 
transmitted and distributed by either Alternating Current 
(AC) or Direct Current (DC) systems. However, in practice, 
3-phase, 3-wire AC system is generally used for 
transmission of large blocks of power and 3-phase, 4-wire 
AC system is used for the distribution of electric power [8]. 
Renewable energy (RE) technologies like solar 
photovoltaic (PV) and onshore wind turbines are often 
viable for applications in rural electrification [9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24]. Nigeria has 
an average irradiation of 4.0 - 6.5 kWh/m2/day and about 4 
to 7.5 hours of average sunshine per day [25]. Wind is 
estimated to have a potential of 14,369 MW at a capacity 
factor of 20% and assuming 0.25% of the land is available. 
Nonetheless, the geo-physical and demographic features of 
each settlement vary widely across the country and play a 
vital role in informing the feasible and financially viable 
source for generating electricity that can meet the growing 
energy demand [26,27,28].   
      In this study, the Nigerian 330 kV transmission lines in 
South-South and South- East of the country was analyzed. 
The power system network was extensively modelled in 

power system analytical tool (PSAT) with the power losses 
obtained. Various power loss techniques were introduced 
with the sole purpose of minimizing the transmission line 
losses. These techniques include introduction of various 

FACTS and increase in voltages of the current transmission 
systems.  
  

II. REVIEW OF RELATED WORKS  
 

     A nodal distribution loss analysis approach was 
proposed in nodal distribution loss analysis approach which 
the losses induced by loads and distributed generators (DG) 
were calculated recursively [29]. The authors did not apply 
any form of loss reduction technique in this study. [30] 
utilized modelling approach to restructure electrical 
network configuration, reduce drop voltage, reduce power 
losses and add new distribution transformer to enhance 
reliability of power systems distribution. However, cost of 
procuring devices for constant reconfiguration of the 
system may lead to loss and economic downsize. [30,31] 
modelled a 10-bus transmission power system using 
Newton Raphson power flow model. This was done with 
the aid of the matrix Laboratory (MATLAB) software. In 
order to reduce the power loss, the author evaluated the 
power index and normalized the index. The author on 
completing the simulation, had significant power loss 
reduction of 32% and a voltage profile improvement of 
23%. [31, 32] developed an algorithm to simulate 
unbalanced short-circuit faults (SLG, LL, DLG) put on 
each line of the three-phase network. However, the author 
failed to consider possible ways of mitigating the constant 
increase in power loss and frequent abnormality of the 
voltage profile 

 
III.  NEWTON RAPHSON LOAD FLOW MODEL  

 
             Load flow studies are used to ensure that electrical 
power transfer from generators to consumers through the 

grid system is stable, reliable and economical. Load flow 
analysis forms an essential prerequisite for power system 
studies. The Newton-Raphson method is widely used for 
solving non-linear equations. It transforms the original non-
linear problem into a sequence of linear problems whose 
solutions approach the solutions of the original problem 
[32].  
Let Vn and In be the phasor voltage and current at bus n: 
 
             𝑉௡ ൌ 𝑉௡𝑒௝ఏ೙       (1) 
            𝜃௡௠ ൌ  𝜃௡ െ 𝜃௠                  (2) 
            𝑌௡௠ ൌ 𝐺௡௠ ൅  𝑗𝐵௡௠               (3) 
 
For an alternating current system, injected current at bus 𝑛 
is 
𝐼௡ ൌ  ∑ 𝑌௡௠𝑉௠

ேಳೠೞ
௠ୀଵ                                 (4) 

 
Where 𝑉௡ is the magnitude of the voltage at bus 𝑛 in per 
unit (p.u), 𝜃௡  is the voltage angle of bus n in degrees or 
radians, 𝑌௡௠  is the (n,m)th entry of the bus admittance 
matrix, 𝐺௡௠ is the (n,m)th entry of the real part of the bus 
admittance matrix, 𝐼௡ is the phasor current and 𝐵௡௠  is the 
(n,m)th entry of the imaginary part of the bus admittance 
matrix. 
Injected complex power at bus 𝑛 becomes: 
 
𝑆௡ ൌ 𝑉௡𝐼௡ ൌ 𝑉௡ ∑ 𝑌௡௠𝑉௠

ேಳೠೞ
௠ୀଵ        (5) 

 
Inserting Equations 1, 2 and 3 in Equation 5 gives: 

𝑆௡ ൌ  ෍ 𝑉௡𝑉௠𝑒௝ఏ೙೘ሺ𝐺௡௠ െ  𝑗𝐵௡௠ሻ

ேಳೠೞ

௠ୀଵ

 

𝑆௡ ൌ  ∑ 𝑉௡𝑉௠ሺ𝑐𝑜𝑠𝜃௡௠ ൅ 𝑗𝑠𝑖𝑛𝜃௡௠ሻሺ𝐺௡௠ െ  𝑗𝐵௡௠ሻேಳೠೞ
௠ୀଵ     (6)

                
Equation (6) can be resolved into real and imaginary parts 
to have active and reactive power equations 
𝑃௡ ൌ  ∑ 𝑉௡𝑉௠ሺ𝐺௡௠𝑐𝑜𝑠𝜃௡௠ ൅ 𝐵௡௠𝑠𝑖𝑛𝜃௡௠ሻ ேಳೠೞ

௠ୀଵ      (7)
    
𝑄௡ ൌ  ∑ 𝑉௡𝑉௠ሺ𝐺௡௠𝑐𝑜𝑠𝜃௡௠ െ 𝐵௡௠𝑠𝑖𝑛𝜃௡௠ሻ ேಳೠೞ

௠ୀଵ      (8)
    
where 𝑃௡ and 𝑄௡ are real and imaginary powers 
respectively. 
 
Suppose there are n nonlinear set of functions (𝑥) = 0, roots 
x at kth iteration which is an 𝑛𝑥1 vector can be obtained by 
utilizing Taylor Series: 

𝑥௞ାଵ ൌ 𝑥௞ െ ሾ𝐽ሺ𝑥௞ሻሿିଵ𝐹ሺ𝑥௞ሻ          (9) 
     

where 𝑛𝑥𝑛 Jacobian matrix  𝐽 is 

𝐽ሺ𝑥ሻ ൌ

⎣
⎢
⎢
⎡

ௗிభ

ௗ௫భ
⋯ ௗிభ

ௗ௫೙

⋮ ⋱ ⋮
ௗி೙

ௗ௫భ
⋯ ௗி೙

ௗ௫೙⎦
⎥
⎥
⎤
    

   (10) 
Rearranging Equation 9 gives: 

∆𝑥௞ ൌ 𝑥௞ାଵ െ  𝑥௞ ൌ  െሾ𝐽௞ሿିଵ𝐹ሺ𝑥௞ሻ  (11) 
 
For an AC system, voltage magnitude and phase angle of 
the slack buses are known and hence it is skipped in the 
iterative process. Unless reactive limit of a generator bus 
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the real power |P| and the voltage magnitude |V| (PV) are 
specified is violated, PV bus voltage magnitude is specified 
and hence, no need to take it is an unknown. Therefore, V 
and  𝜃 are unknowns for a load bus (PQ) and only 𝜃 is an 
unknown parameter for a PV bus, so there are 2𝑁PQ  + 𝑁𝑃𝑉 
unknowns. If bus 1 is assumed as the slack bus, the 
unknown vector 𝑥 can be defined as;  

𝑥 ൌ ൥
𝜃ଶ
⋮

𝜃௜

൩  𝑎𝑛𝑑 ൥
𝑉ଶ
⋮

𝑉௥

൩  𝑓𝑜𝑟 𝑖, 𝑟 ൌ 2,3, ⋯ , 𝑁஻௨௦ 𝑎𝑛𝑑 𝑟 ് 𝑃𝑉  

   (12)
  

Solution procedure starts with an initial guess such that “1.0 
p.u.” for voltage magnitudes and “0 degrees” for phase 
angles are assigned. Then, using the assigned values of 𝑥, 
injected active and reactive power functions, 𝑃𝑛(𝑥) and 
𝑄𝑛(𝑥) respectively, can be evaluated as;  
 
𝑃௡ሺ𝑥ሻ ൌ  ∑ 𝑉௡𝑉௠ሺ𝐺௡௠𝑐𝑜𝑠𝜃௡௠ ൅ 𝐵௡௠𝑠𝑖𝑛𝜃௡௠ሻ ேಳೠೞ

௠ୀଵ     (13)
    
𝑄௡ሺ𝑥ሻ ൌ  ∑ 𝑉௡𝑉௠ሺ𝐺௡௠𝑐𝑜𝑠𝜃௡௠ െ 𝐵௡௠𝑠𝑖𝑛𝜃௡௠ሻ ேಳೠೞ

௠ୀଵ (14)
    
Note that functions in Equations (13) and (14) are evaluated 
using the unknown vector 𝑥 and they are going to be 
referred as; 
𝑃௡

௖௔௟௖ ൌ  𝑃௡ሺ𝑥ሻ        (15) 
𝑄௡

௖௔௟௖ ൌ  𝑄௡ሺ𝑥ሻ        (16)
    
Reactive power limit for each generator bus should be 
checked at each iteration point. A generator bus is regarded 
as a PV bus only if reactive power generation stays within 
limits. If a reactive power limit is reached, a PV bus is 
changed to a PQ bus with a reactive power injection equal 
to the violated limit. If this is the case, then the voltage 
magnitude of that bus appears as a variable in the unknown 
vector and the mismatch vector and Jacobian matrix are 
modified accordingly. 
𝑖𝑓 𝑄ீ ൐ 𝑄ீ

௠௔௫, 𝑄ீ ൌ 𝑄ீ
௠௔௫   𝑎𝑛𝑑  𝑖𝑓 𝑄ீ ൐ 𝑄ீ

௠௜௡, 𝑄ீ ൌ
𝑄ீ

௠௜௡              (17) 
 
After continuing with next iterations, if reactive power 
generation of a PQ bus, which was formerly a PV bus, falls 
in limits, this time bus type changes from PQ to PV again 
with a fixed voltage magnitude. Next, specified powers are 
calculated. 
 
𝑃௡

௦௣௘௖ ൌ 𝑃௡
ீ.஺஼ െ 𝑃௡

௅.஺஼     (18) 
    
𝑄௡

௦௣௘௖ ൌ 𝑄௡
ீ.஺஼ െ 𝑄௡

௅.஺஼     (19) 
 
To match specified powers with the calculated ones; 
𝑃௡

௦௣௘௖ ൌ 𝑃௡
௖௔௟௖      (20)

     
𝑄௡

௦௣௘௖ ൌ 𝑄௡
௖௔௟௖      (21)

       

𝐹1ሺ𝑥ሻ ൌ ቎
𝑃ଶ

௦௣௘௖ ⋯ 𝑃ଶ
௖௔௟௖

⋮ ⋱ ⋮
𝑃௜

௦௣௘௖ ⋯ 𝑃௜
௖௔௟௖

቏ 𝑓𝑜𝑟 𝑖, 𝑟 ൌ 2,3, ⋯ , 𝑁஻௨௦  (22)

   

𝐹2ሺ𝑥ሻ ൌ ቎
𝑄ଶ

௦௣௘௖ ⋯ 𝑄ଶ
௖௔௟௖

⋮ ⋱ ⋮
𝑄௥

௦௣௘௖ ⋯ 𝑄௥
௖௔௟௖

቏ 𝑓𝑜𝑟 𝑟 ് 𝑃𝑉  (23)

    
This constitutes a power mismatch vector denoted in 
Equation (24) 

𝑥 ൌ ൥
∆𝑃ଶ

⋮
∆𝑃௜

൩  𝑎𝑛𝑑 ൥
∆𝑄ଶ

⋮
∆𝑄௥

൩  𝑓𝑜𝑟 𝑖, 𝑟 ൌ 2,3, ⋯ , 𝑁஻௨௦ 𝑎𝑛𝑑 𝑟 ്

𝑃𝑉      (24) 
 
Where: 
𝑃௡ሺ𝑥ሻ ൌ 𝑃௡

௦௣௘௖ െ  ∑ 𝑉௡𝑉௠ሺ𝐺௡௠𝑐𝑜𝑠𝜃௡௠ ൅ 𝐵௡௠𝑠𝑖𝑛𝜃௡௠ሻ ேಳೠೞ
௠ୀଵ

       (25) 
𝑄௡ሺ𝑥ሻ ൌ 𝑄௡

௦௣௘௖ െ ∑ 𝑉௡𝑉௠ሺ𝐺௡௠𝑐𝑜𝑠𝜃௡௠ െ 𝐵௡௠𝑠𝑖𝑛𝜃௡௠ሻ ேಳೠೞ
௠ୀଵ

       (26) 
∆𝑃𝑛 is defined for each PV and PQ bus whereas ∆𝑄𝑛 is 
defined for only PQ buses. So there are 2𝑁𝑃𝑄 + 𝑁𝑃𝑉 power 
mismatch equations. To drive these mismatch equations to 
zero and Newton-Raphson iteration is utilized. Rearranging 
equation (11) gives; 

𝐹ሺ𝑥௞ሻ ൌ ሾ𝐽௞ሿ∆𝑥௞    (27) 
Forming the Jacobian matrix; 

𝐽௞ ൌ ൤
𝐽ଵ 𝐽ଶ

𝐽ଷ 𝐽ସ൨
௞

   (28)  

Where: 

𝐽௡௠
ଵ ൌ ௗ௉೙ሺ௫ሻ

ௗఏ೘
,   𝐽௡௠

ଶ ൌ ௗ௉೙ሺ௫ሻ

ௗ௏೘
,  𝐽௡௠

ଷ ൌ ௗொ೙ሺ௫ሻ

ௗఏ೘
,  𝐽௡௠

ସ ൌ ௗொ೙ሺ௫ሻ

ௗ௏೘
 

After obtaining ∆𝑥k convergence is checked with a 
prespecified power mismatch threshold 𝜀. 

If max ൤
∆𝑃௡
∆𝑄௡

൨
௞

൏ ε  (29)  

Solution converges and iterations stop. If this is not the 
case, iteration continues with the updated x vector until the 
mismatch criterion is satisfied. 

IV  METHODOLOGY  
The materials utilized in the course of this study 

comprise of a laptop with power system analytical tool 
(PSAT), Microsoft word and MATLAB 2020a. The flow 
chart indicating the procedures that were applied to realize 
the objectives of this study is shown in Figure 1. 
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FACTS should be applied in the voltage stability and power 
loss reduction of the 10-bus network considered in this 
study. 
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