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Abstract. Distribution network is the closest to the consumer of electricity in the whole of the 

electric power system (EPS) network. It is as important as other parts of the entire system. 

Lack of sufficient power to meet the required load demand has aided the popularity of 

distributed generators within the distribution network in order to argument the available power. 

However, the point of installation of a distributed generator (DG) is essential, considering the 

entire EPS security. In this work, inherent power system network (IPSN) is proposed to 

determine the best position for distributed generator within distribution networks, which results 

in a minimal loss. Matlab R2018a is deployed as a simulation tool. Six bus IEEE network and 

radial 12-bus network are used to ascertain the feasibility of the proposed method. Results 

obtained for both test network are validated through the results from the forward-backward 

sweep method for distribution load flow study. 

Keywords: Inherent power system network, optimal, distributed generator, distribution 

network. 

1.  Introduction  

Most developing nations of the world are still finding it difficult to provide a constant supply of 

electricity due to several challenges, among which is the demand being higher than available supply 

[1-4]. Consequently, it has severely hampered their growth with respect to technological advancement, 

industrialisation, innovation, etc. [5-7]. This problem has been on for several years, andthis is because 

demand increases on a daily basis[8-10]; hence most nations are adopting integration of distributed 
generators (DGs) which is a feasible and cheaper solution as compared to centralised generation [11, 

12]. Though this distributed generator (DG) option looks very attractive, it is essential to note that best 

location for the DG is of paramount importance; otherwise, unexpected occurrence might happen 

which can be very expensive to fix. Several methods have been deployed by previous researchers 

which can be found in the open literature [12-17]. In this research work, an Inherent Power System 
Network (IPSN) is proposed to quickly indicate a particular bus in a distribution network that needs to 

be reinforced. The nodes that need to be reinforced are nodes with voltage less than 0.95 per unit [18]. 

Forward-Backward sweep method is used to confirm the values of the node voltages after the IPSN 

has been used to identify the optimal location of the DG. 
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2.  Methodology 
The design of the Electric Power System (EPS) is essential to ensure efficient operation of the system. 

In the same way, any upgrade needed by the system requires a robust mathematical model. Hence, in 

this study, the aim is to optimally indicate a distributed generator (DG) location within an existing 

distribution network using an inherent power system network. 

2.1.  Inherent power system network (IPSN) 

It is important to state that a balanced system is assumed with single-phase representation for ease of 
analysis [19]. Figure 1 shows a simplified network showing only the generating units and loads while 

the rectangular box represents the inherent structure network. 

VG1<δ1 

.

.

.

Electric power 
network modeled as 

electrical network 
equations:

 V=IZ

IL1

ZL1

VG2<δ2 

VGn<δn 

IL2

ILn

I1

I2

In

ZL2

ZLn

.

.

.

 
Figure 1: Simple network 
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Figure 2: Two-port network representation 

 

The proposed Inherent Power System Network (IPSN) approach is based on two-port network 

techniques [20-22], and it is capable of giving the exact node where reinforcement is needed to reduce 
losses along the lines and improve voltage at the nodes. By combining all the generator buses and all 

the load buses separately as shown in Figure 2, the relevant two-port matrix equation can be written as 

 

     GG GLG G

LG LLL L

Z ZV I
V Z I

Z ZV I

    
       

    
,      (1) 

where 

[VG] = Vector element of complex voltage of the generator bus; [VL] = Vector element of complex 

voltage of the load bus; [IG] = Vector element of generator bus injected currents; [IL] = Vector element 
of load bus injected current; [ZGG] = Impedance matrix for buses with generator; [ZGL] = Impedance 

matrix relating generator to load; [ZLG] = Impedance matrix relating load to generator; and  

[ZLL] = Impedance matrix of the load buses. 
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By splitting equation 1 into two simultaneous equations, the following equations 2 and 3 result: 

 

       G GG G GL LV Z I Z I         (2) 

       L LG G LL LV Z I Z I         (3) 

 

Further modifications to equations 2 and 3 in order to solely separate the load buses from the generator 

buses give equation 4 as follows: 
 

GG GLG G

LG LLL L

Y MI V

N DV I

    
     

    
,       (4) 

where 

   
1

GG GGY Z



 

     
1

GL GG GLM Z Z


  . 

    
1

LG LG GGN Z Z


  

        
1

LL LL LG GG GLD Z Z Z Z


  ; the Schur complement of ZLL[23]. 

Equation (4) gives the inherent structural characteristic of power system networks. [DLL] is the matrix 

for load buses solely, which is known as the Schur complements of the Z-impedance matrix of the 

considered network [24, 25]. By applying Singular Value Decomposition (SVD) to matrix [DLL], 
singular values connected to the system load buses are obtained [26] as follows: 

 
1

n
T T

LL i i i

i

D XZY x y


  ,       (5) 

where x matrix is orthogonal to y matrix, and xi&yi are singular vectors. From equation (3), the 

following expression is obtained: 

       L LG G LL LV N V D I        (6) 

Making  LI  the dependent variable gives 

        
1

L LL L LG GI D V N V

          (7) 

Substituting equation (5) in (7) gives 

      
1

1

n
T

L i i i L LG G

i

I m v V N V





 
     

 
      (8) 

Hence, from equation (8), the load bus injection current can be expressed as 

      
1

Tn
i i

L L LG G

i i

v m
I V N V



 
     

 
               (9) 

Equation (9) shows clearly the direct relationship between the singular value of matrix DLL and load 

bus injection currents. This simply means that the lower the load injection currents, the lower the 

single value of the matrix DLL and vice versa. Hence, the bus which required to be reinforced is the bus 
with the smallest eigenvalue in matrix DLL. As simple as this mathematical relationship seems, it 

provides the direct optimal location of the best bus for power injection of a distributed generator. 

2.2.  Forward-Backward sweep 
Several research works have reported that the almighty Newton Raphson method cannot handle the 

load flow solution of distribution network having a high R/X ratio [17, 27]. Hence, the forward-
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backward sweep approach [28] is employed to find the base case losses and the upgraded network in 

order to justify the result from the proposed IPSN approach. 

Considering a radial distribution network of n-buses in Figure 3, the solution starts with a forward 

sweep with an assumption of no-load. Therefore, V1 = V2 = … = Vn 

1 2 3 n-1 n

SL1 SL2 SL(n-1) SLn
 

Figure 3: Typical radial distribution network 

Then, a backward sweep is followed by calculating load current starting from the nth node until the 
first node using equation 10 

Ln
n

n

S
I

V



 
  
 

         (10) 

where  nI Load current ,  LnS Complex power ,  nV Node voltage  

For the nth node, the line current ( 1),n nI   is load current nI .       

Kirchhoff’s voltage law (KVL) is applied to each line section while Kirchhoff’s current law (KCL) is 

applied to each node to determine node voltage and section or branch current as shown in equations 11 

and 12 

(KVL):  ( 1) ( 1) ( 1)n n n n n nV V Z I          (11) 

(KCL):  ( 2)( 1) ( 1) ( 1)n n n n nI I I           (12) 

This analysis continues until convergence criterion is met which is given in equation 13 

1

/ / / /
0.0001

/ /

p

nV V
cc

V


         (13) 

where cc is the convergence criterion 

/Vp/ is set to zero at start and then take up the immediate previous value of /Vn/. 

The total network losses can be expressed as 

 ,

, 1

n

Loss Loss i j

i j

P P


                  (14) 

where PLossi,j in equation (14) is the power loss between two buses, say i and j which have a link 

between them, otherwise, it will be zero. Equation (14) can be represented in algebraic form, as given 

in equation (15) 

1 1, 2 2, ,

2 1 1
1 2

...
n n n

Loss j j n n j

j j j
j j j n

P V I V I V I
  
  

      ,           (15) 

where  
n is the total number of network buses; V1, V2, … Vn are individual bus voltages; and I1,j, I2,j, … In,j are 

currents flowing between any two buses. 
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3.  Result and discussion 
In order to simplify the analysis of this work, only overhead distribution lines are considered with 

uniformly distributed parameters of impedance along the lines. The most important parameters are the 

impedances of the connected lines, the number of supply and load buses in the network. For this 

research work, the proposed mathematical model will be implemented on two different networks. The 
selected networks are IEEE 6-bus system shown in Figure 4 and radial 12-bus system in Figure 5. The 

details and parameters of these test system are found in [28-31] 

 

 
Figure 4: IEEE 6-bus distribution network. 
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From the IEEE six-bus system shown in Figure 4, there are four load buses from which the optimal 

location of DG is obtained. That is why the result of DLL matrix is 4 x 4. These buses are buses 2, 3, 4 

and 6. 
 

0.9502 0 0 0

0 0.1629 0 0
[ ]

0 0 0.2251 0

0 0 0 0.2781
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The bus with the lowest eigenvalue is identified as the best location for distributed generator (DG) 

to be installed, which will, in turn reduces line loss. In this result, the best location for DG is bus 3. 

Table 1 shows the result of the forward-backward sweep method. It is clear from the result that the 
network load buses do not necessarily need to be reinforced as the voltages are within the standard 

limit. However, when 5kW is injected at bus 3 with respect to result from IPSN, the voltage profile as 

shown in Table 2 improves, and the kW loss reduces by 11.54% while kVar loss reduces by 13.11%. 
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Table 1: Base case load flow result without DG 

Bus 

No. 

Voltage 

Mag. 

Angle 

Degree 

Load Substation 

kW kVar kW kVar 

1 1.0000 0.0000 -40 -11 9.2562 3.7643 

2 0.9998 -0.0002 40 10 0.0000 0.0000 

3 0.9998 -0.0003 7.25 2 0.0000 0.0000 

4 0.9998 -0.0003 5 1.25 0.0000 0.0000 

5 0.9998 -0.0002 -8 0 0.0000 0.0000 

6 0.9997 -0.0003 5 1.5 0.0000 0.0000 

Total 9.25 3.75 9.2562 3.7643 

 

Table 2: Load flow result with DG 

Bus 

No. 

Voltage 

Mag. 

Angle 

Degree 

Load Substation 

kW kVar kW kVar 

1 1.0000 0.0000 -40 -11 4.2550 3.7615 

2 0.9998 -0.0002 40 10 0.0000 0.0000 

3 0.9998 -0.0002 2.25 2 0.0000 0.0000 

4 0.9998 -0.0002 5 1.25 0.0000 0.0000 

5 0.9998 -0.0002 -8 0 0.0000 0.0000 

6 0.9998 -0.0002 5 1.5 0.0000 0.0000 

Total 9.25 3.75 4.2550 3.7615 
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Figure 5: single-line diagram of a radial 12-bus network 

 

Similarly, for the second test network, i.e. radial 12-bus network. The DLL matrix is 11 x 11, since 
there are 11 buses with load-connected. The eigenvalues from bus 2 to bus 12 are 118.5659, 16.6256, 

3.9901, 2.7467, 1.9054, 1.0492, 0.9080, 0.9080, 0.3541, 0.4474, 0.4749 respectively. This result 

shows that bus 9 with the least eigenvalue is the best location for DG. When the forward-backward 

sweep approach is applied, the values obtained for node voltages from bus 1 to bus 12 are 1.0000, 

0.9944, 0.9892, 0.9808, 0.9703, 0.967, 0.9643, 0.9561, 0.9482, 0.9455, 0.9446, 0.9444 respectively. 
From this result, it is clearly seen that bus 9 is the first bus with voltage value outside the specified 

range of 0.95 ≤ v ≤ 1.05. By injecting 30kW at bus 9, the network bus voltages profile from bus 1 to 

bus12 now become 1.0000, 0.9947, 0.9898, 0.9821, 0.9724, 0.9694, 0.9670, 0.9600, 0.9537, 0.951, 

0.9501, 0.9500 respectively. Consequently, the kW loss reduces by 16.59% while the kVar loss 

reduces by 15.86%. 
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4.  Conclusion  
In this research, a new and simplified approach is proposed for easy and quick identification of the 

essential bus that needs to be reinforced without going through the route of load flow. The proposed 

approach: ‘Inherent Power System Network (IPSN)’ is used to determine the optimal location of DG 

on two different networks, namely: IEEE 6-bus network and radial 12-bus network. The optimal 
location obtained from the proposed approach is justified by the result of the forward-backward sweep 

method. The result also shows that there is a reduction in losses when DG is placed at the optimal 

location. 
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