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Abstract 

The Nigerian Power System produces less energy than required by the population of over 167 

million and the production of energy from the conventional energy sources requires huge 

amount of money to be spent on fuel to power the generating units. Hence the need to introduce 

renewable energy production systems such as wind energy conversion system (WECS) that 

require very minimal running cost cannot be overemphasized. Determining the appropriate bus 

where such incoming WECS are to be connected to the existing power system network will make 

such a system very useful. This requires knowledge of output mix from existing and incoming 

generating units and the ability of the decision makers to ensure stability and minimal loss on the 

network since losses increase with power increase. In this work, the optimal and reduced cost of 

power production through  wind energy conversion system (WECS)  were determined using  

mathematical models taking into consideration those  factors that affect the cost of generation of 

electric power and the effects of the  losses on transmission lines, adopting  semi-definite 

programming (SDP)  with  SeDuMi software. With the adopted technique,  it was shown that it 

was possible to improve power production from the existing system of about 3500MW  in Nigeria 

to about 4000MW, out of which 552.8MW was  to be produced from optimally-placed  two 

WECS (one in the north-western part and the other in the Jos axis) on the national grid.  
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1.0   Introduction 

1.1 State of Nigerian Electric Energy 

Sector 

The Nigerian Power System (NPS) produces 

less energy than required by the population 

of over 167 million. Nigeria is well endowed 

with variety of renewable and non-

renewable energy sources but electrical 

energy in the country is predominantly 

generated by conventional energy sources 

such as thermal and hydro. This account for 

about 86% of the power produced in the 

country as revealed in Figure 1.  

 

The production of energy from the 

conventional energy sources requires huge 

amount of money to be spent on fuel to 

power the generating units. Hence the need 

to introduce renewable energy production 

systems such as wind energy conversion 

system (WECS) that require very minimal 

running cost. Figure 1 reveals that wind 

energy system is accounted 0.00%. This is 

because wind energy has not been really 

utilized in production of energy in the 

country, save for an inconsequential 5kW 

aero generator in Sayya Gidan, Gada, 

Sokoto State. Other sources of power in the 

country include diesel, and renewable 

energy resources such as solar, hydro, 

biomass, wind, etc. which are non-

depletable as they are available on 

periodic/cyclic basis [1]. 

 

According to the Nigerian Energy Policy 

report from 2003, it is estimated that the 

population connected to the grid system is 

short of power supply over 60% of the time. 

Additionally, less than 40% of the 

population is even connected to the grid [2].  

Several authors [1, 2, 3, 4, 5], have pointed 

to renewable energy sources such as wind 

energy as good alternatives to power 

production in the country. 

 

 

 
Fig. 1: Proportions of Energy Sources in 

Nigeria 

 

In addition, there is the current need for 

emissions from power stations reduction, 

that is, need for clean energy production. On 

a fundamental level, there is simply not 

enough electricity generated to support the 

entire population and less than about 14kwh 

per capita is available on the grid [3]. By 

this token, there is the need to incorporate 

renewable energy sources such as wind 

energy conversion system (WECS) to 

supplement the meager energy production in 

the country.  

 

1.2 Incorporating WECS into the NPS 

The 24-bus NPS network is depicted in 

Figure 2. It consists of 7 generating stations, 

32 buses and the transmission voltage is 

330kV and 132kV. The Nigerian Electricity 

Network comprises 11,000km transmission 

lines (330kV and 132kV), 24000km of sub-

transmission line (33kV), 19000km of 

distribution line (11kV) and 22,500 

substations. Few years ago, the energy 

losses on this power system network have 

been estimated to be 337.5 GWH [6]. This 

work seeks to design an economic dispatch 

system that shall greatly reduce such high 

losses. 

 

Incorporating WECS into the NPS network 

requires the knowledge of where such 

incoming WECS are to be connected to the 
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existing power system network and adequate 

information as to what the resulting 

penetration might result into. The 

knowledge of the wind characteristics of the 

country is also essential. Adekoya, and 

Adewale (1992) and Matthew (2006) have 

shown that for a WECS to be viable and cost 

effective at a particular site, the site average 

wind speed should be between 4-6 m/s [7, 

8]. Several works have dealt with this 

crucial aspect of power planning. The results 

indicate that the overall annual wind speed 

regime is low but few areas are promising 

locations. Such areas are the Jos, North 

Eastern and North Western axes of the 

country [3, 5, 9].  

 

Thus, this work goes a step forward in 

implementing the suggestions of various 

authors by incorporating WECS into the 

Nigeria power system network and solving 

the network as a convex optimization 

problem to determine the optimal values for 

existing generators and newly added WECS. 

The points of entry of the incoming WECS 

are also determined.  

 

2.0 Traditional Optimization Solutions 

Some traditional methods reported in 

literature include the Lagragian, method the 

weighted sum method [10, 11], lambda 

iteration, and the gradient method [12, 13]. 

Others are linear programming (LP), non-

linear programming (NLP) and quadratic 

programming (QP) methods [13]. 

 

2.1 Semi-definite Optimization 

Solutions 

More recently, semi-definite programming 

(SDP) was developed for solving 

optimization problems. SDP−linear matrix 

inequality (LMI) − uses Interior-Point 

Methods (IPMs) as an efficient way of 

solving linear programming. IPM's solve 

SDP problems as efficiently as they solve 

linear programming ones [14, 15, 16]. Other 

methods such as non-sorting genetic 

algorithm (NSGA) and the micro genetic 

algorithm (μGA) have also been applied to 

power system solved as convex optimization 

and reported in literature [17, 18]. 

 

2.2 Solving Convex Optimization 

Using SDP 

The convex optimization problem in this 

work is solved by employing SDP. It has 

been shown that convex programming 

problems, with quadratic cost and quadratic 

constraints, can be formulated as SDP 

programs [20]. SDP is a technique that can 

be used to solve convex optimization 

problems in polynomial time [21]. The 

solution requires that the variables’ integer-

value requirements are modeled as quadratic 

equations whose roots are determined as the 

desired integer values. Thus, an explicit 

integer Programming formulation of the 

problem is not necessary [22]. The SDP 

technique can only be used in problems 

where the intersection of constraints defines 

a convex set. By this way, a convergence to 

an optimum in polynomial time when IPMs 

are employed is ensured. 

 

3.0   Methodology 

3.1   Problem Formulation 
The NPS is considered as a convex system 

having the following objectives.  

 

Fuel cost objective. The total fuel cost 

satisfying the total required demand for the 

seven existing generator is mathematically 

stated as follows [23, 24]:  

 

      (  )                
 .                (1) 

 

where C : total fuel cost ($/hr), 

 i ,  i ,  i : fuel cost coefficients of thermal 

generator i, 

pi : power output by thermal generator i. 



   

 
Figure 2: Single Line Diagram of NPS Network 
 

 

Transmission loss minimization objective. 

Transmission losses on the network are 

modeled using the loss coefficients method 

(known as the B-coefficients) developed by 

Kron and adopted by Kirch Mayer [25]:  

      

     ∑ ( ∑    
 
         ∑    
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Here, the terms     are referred to as the B 

coefficients. The expression determines the 

total power loss PL as sum of a quadratic 

term, a linear term and a constant term. 

                                                   

3.2 Optimization Constraints 

The constraints within which the 

optimization problem exists shall now be 

itemized and discussed. They represent the 

set of conditions that must be met for a 

sustainable power supply. 

 

Power balance constraint. The total power 

generated must be sufficient to supply the 

total load demand and the transmission 

losses and this can be expressed 

mathematically as: 

 

  ∑    
 
             .                      (3) 

           

  ∑    
 
   : total power generated prior to 

         wind generator being added (MW) 

         PD: total load demand (MW) and 

         PL: transmission losses without wind 

               generator (MW). 

 

Maximum and minimum limits of power 

generation. The power generated Pgi , by 

each generator is constrained between its 

minimum and maximum limits stated as: 

 

                             .        (4) 

 

 where    : minimum power generated by  

                   the i
th

 generator, and 

               : maximum power generated by  

                   the i
th

 generator. 

 



Renewable energy limit. A WECS is 

limited in power generated by the available 

wind speed and Nigeria has a low wind 

speed regime. Thus, wind energy usage as a 

form of renewable energy is limited to only 

30% of total power generated [26]. Hence an 

optimization constraint is required as 

follows: 

 

                       .                          (5) 

 

where PW  is the total power produced by the 

WECS (MW) 

    and PD total load demand (MW). 

 

3.3 Multi-Objective Formulation 

The multi-objective Economic Dispatch 

optimization problem is therefore 

formulated as: 

 

  Minimize [C, PL].                                  (6) 

 

   subject to: 

 

∑               (power balance);      (7) 

 

                               

                                    (power limit);       (8)  

             (renewable energy limit). (9)               

 

Pg is a vector representing the generator 

outputs combined and is represented as 

follows: 

              

     [             ]
 
.           (10) 

 

PL is the total power loss from all the 

thermal generating units and is formulated 

as: 

 

   (  )     
 [ ]       

       .      (11) 

 

where [B], B0 and B00 are the B-loss 

coefficients defined in (2). 

 

4.0 Results and Analysis 

The optimization software is employed in 

solving equations (1) through (4) based on 

the formulations (6) through (11) in 

determining the quantitative size of power 

injectable to the NPS network from the 

WECS to optimize the system performance 

against losses and power demand on it. The 

data used as input are as shown in Table 1. 

The optimal and reduced cost is determined 

by the software and shown in the second 

column of Table 2. 

 

The SDP solution was run iteratively within 

the boundary of 0 to π/2. Provided in Table 

1 are the existing thermal and hydro 

generators’ cost coefficients. The minimum 

power at any instant of time is not expected 

to be lower than 1909.5MW and the overall 

upper limit is put at 3783MW. 

 

The SDP optimization approach requires 

that each of the generating units (thermal, 

hydro and WECS) produces the value of 

power indicated for each on Table 2. When 

the values obtained for each of the 

generating units of thermal and hydro are 

compared with previous works [17, 18], it 

was observed that the values were very 

similar and the losses reduction in the SDP 

method is substantial. This is as presented in 

Table 2. 
 

It can be observed on the table that the 

SeDuMi
1
 [27] (SDP) solution has a power 

loss a little above the other two solutions 

compared. This is because the total power 

produced by the SDP solution method is 

also higher than those from the other two 

solutions. A summation of equivalent units 

(units 1−7) revealed that SeDuMi provided a 

total power of 3711.2MW while NSGA-II  

                                                           
1
 SeDuMi was developed by Jos Storm (1998-2003) 

and Imre Pólik (since 2005 after the death of Jos 
Storm) and is available from 
http://sedumi.ie.lehigh.edu. 



 

Table 1: Existing Generators’ (Thermal and Hydro) Cost Coefficients for NPS [17] 

Generating unit   (x150) 

(N/hr) 

β(x150) 

(N/MWhr   
γ(1.5x    ) 

(N /MW
2
hr) 

PG
min

 

(MW) 

PG
max

 

(MW) 

  Egbin 12787.0 13.1 0.031 275.00 1100.0 

  Sapele 6929.0 7.84 0.13 137.50 550.0 

  Delta 525.74 -6.13 1.20 75.00 300.0 

  Afam 1998.0 56.9 0.092 135.00 540.0 

  Shiroro 19110.0 0.00 0.00 489.00 491.0 

  Kainji      

  Jebba 

13650.0 0.00 

0.00 

0.00 

0.00 

349.00 351.0 

17650.0 449.00 451.0 

Total    1909.50 3783.0 

 

 

 

Table 2: Computational Results Compared with Previous Solutions 

Generating  

Unit  

  SeDuMi  

  SDP(MW) 

NSGA-II 

(MW) 

µGA 

(MW) 

PG
min

 (MW) PG
max

 (MW)  

  Egbin   870.5316 1024.68 1011.39 275.00 1100.0  

  Sapele   406.9654  284.70 173.28 137.50 550.0  

  Delta   192.9820  75.00 111.18 75.00 300.0  

  Afam   398.0490  177.05 261.43 135.00 540.0  

  Shiroro   489.9436  490.00 490.00 489.00 491.0  

  Kainji   349.9447  350.00 350.00 349.00 351.0  

  Jebba   449.9426  450.00 450.00 449.00 451.0  

  WECS 1    276.4006        − − − −  

  WECS 2   276.4006        − − − −  

  Fuel Cost 31.88     28.32  24.55    

 

and µGA each gave only a total of 

2851.43MW and 2847.28MW respectively. 

The total optimal power generated by the 

SDP method is sufficient to supply the peak 

power demand of 3419 MW and a loss of 

184.31MW with a surplus of 107.89MW.  

When the existing generating units produce 

the optimal power indicated and the two 

WECS unit are added with each producing 

up to 276.4MW the objectives of the 

optimization shall be met. 

 

5.0 Conclusions  

A practical optimal solution has been 

provided for the NPS network. For the 

optimal solution to be adopted, most of the 

existing power stations have to up their 

power production. This is advantageous 

since the present lower production has 

resulted in high losses on the system. Higher 

production can prove to be advantageous if 

the optimal solution is employed since the 

losses shall be reduced.  

 

Further, the incoming two WECS have to 

very buoyant. The optimal power expected 

from each is 276.4MW.  This is not small a 

power to come by in WECS considering the 

generally low speed regime in the country. 

Therefore, a very large wind farm shall be 

required at each location. 

 



For the NPS to maintain the minimal loss of 

276.4MW, the two incoming WECS must be 

connected at points where little or no loss is 

introduced to the existing grid. For the two 

WECS to be connected, it is recommended 

that they are installed one at the north-

western axis (Sokoto or Katsina state) and 

the other one at Jos to maintain optimal 

results. By this way the existing buses at 

Birnin Kebbi and Jos shall be utilized for the 

proposed Sokoto/Katsina and Jos WECS 

respectively with little or no extension made 

to the busses. This shall improve power 

production from the existing system of about 

3500MW in Nigeria to about 4000MW, out 

of which 552.8MW was to be produced 

from optimally-placed two WECS. 
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