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Introduction
The existence of distributed generations (DGs) deviates the unidirectional nature of 
power flow, and the distribution system no more remains a passive system. The explosion 
of DGs at distribution levels carried the concept of the active distribution system (ADS). 
The interconnection of distributed generation sources into the distribution system pro-
vides numerous challenges to distribution load flow in terms of modelling of various 
power delivery and power conversion components. General power delivery components 
are symbolized by their impedance or admittance, depending on the requirement of 
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solution technique. Moreover, power conversion components can be modelled as nega-
tive PQ load, ideal voltage source, PV node or its Norton/Thevenin equivalents.

The steady-state behaviour is the most fundamental calculation of any system. In 
power systems, this calculation is the steady-state load flow problem, also known as 
power flow. Several Newton-like methods are developed to solve the problem in [1, 2]. 
The first model of a backward/forward method for distribution load flow assumes all 
nodes as PQ since in the distribution system it is assumed that there is no generating 
bus. Sweeping need not to be calculated, and inversion of Jacobeans as Newton-like 
methods, resulting in fast convergence, is developed [3]. Firstly, probabilistic load flow is 
presented in [4] and further reformed and applied to power system load flow problems.

A modified Newton–Raphson (NR) load flow scheme is proposed by [5], which 
includes generator reactive power limits automatically. This method has slow conver-
gence characteristic but converges monotonically. A slight change in the execution of 
the bus-type switching logic leads to an unlike convergence characteristic. The ladder 
network theory [6] and backward/forward method [7] are mostly adopted for load flow 
study of distribution system due to their computational efficiency and accuracies. An 
improved backward/forward method is proposed in [8], where the mismatch of a speci-
fied voltage and calculated voltage is tested after each backward sweep. But this method 
arises some limitation if the substation point (specified voltage node) lies in the middle 
or in between the network rather than on the one side of the network; then the algo-
rithm becomes complex. Hence, the numbering of the nodes should be sequential. The 
reconstruction of bus injection to branch current (BIBC) and branch current to bus volt-
age (BCBV) matrix takes place spontaneously by just changing the two elements of the 
node-by-node sparse matrix (S), reflecting the change in network configuration. But the 
whole algorithm is applicable to balanced load and balanced system. Also, the conver-
gence speed of the algorithm slows down with higher R/X ratio which is proposed in [9]. 
[10] presented the behaviour of the transformer in BW/FW-type load flow. The nodal 
admittance matrix is calculated by primitive admittance matrix using incidence matrix, 
but in a certain condition as why-delta, zero sequence component cannot update.

The harmony search (HS) algorithm has benefits like easy to implement and fast con-
vergence but still has a disadvantage of precipitate convergence [11], which has been 
overcome with the help of improved harmony search (IHS) algorithm [12], solving a 
complex problem of distribution system reconfiguration using HS algorithm. The results 
are obtained on standard 33-bus and 119-bus system to validate the proposed algorithm. 
The results are compared with available standard references and found that the pro-
posed algorithm is performing well. The HS algorithm is applied for the optimal alloca-
tion of distributed generator, and the total harmonic distortion (THD) analysis has been 
done to analyse the power quality. The proposed technique is applied on 12-bus unbal-
ance distribution system and is showing that the placement of DG is fast as compared to 
other techniques [13].

In [14], a genetic algorithm is proposed to solve the power flow problem. An abnormal 
solution is obtained, which is not possible with the NR method. A genetic algorithm is 
proposed for distribution system load flow by [15] and also used for integrated AC/DC 
system load flow in [16]. A real-coded genetic algorithm for load flow solution is pro-
posed [17]. For the placement of various wind distributed generators, a power system 
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optimization (PSO)-based probabilistic load flow model is proposed in [18]. A probabil-
istic distribution load flow to study the effect of wind turbine generator connected to a 
distribution system is proposed in [19]. There are three different classes of wind turbine 
models considered in the distribution system as shown in Fig. 1.

In constant power factor wind turbine (WT), by controlling the WT trigger angle, 
reactive power can be adjusted and reactive power can be calculated by knowing the 
required power factor. In variable reactive power WT, reactive power can be formulated 
by known active power. Constant voltage WT is handled by considering the connected 
node as PV node.

In this paper, a constant power factor model is used for modelling the WT. The pur-
pose of the paper is to show the potential of the new proposed algorithm. However, the 
algorithm is flexible enough, and any other WT model or distribution component model 
can be conveniently utilized.

The rest of the paper is organized as follows: “Distribution system modelling” sec-
tion elaborates a brief modelling of the distribution system. “Wind turbine performance 
model” section describes the wind turbine model which is further considered as DG. The 
improved harmony search algorithm for power flow analysis is discussed in “Improved 
harmony search algorithm” section. The results of analysis without and with wind gen-
eration as DG are presented in “Results and discussion” section and the conclusions are 
given in “Conclusions” section.

Distribution system modelling
Distribution system components mainly include two parts: (1) shunt elements such as 
spot loads, distributed loads, and capacitor banks and (2) series elements such as trans-
formers and line segments. Figure 2 shows a generalized series element model.
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Fig. 1  Different classes of wind turbine models
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An equivalent representation of three-phase conductor with mutual coupling between 
ground and phases wires is shown in Fig.  3 [6, 20]. And the line segment equations are 
given below

In the admittance form

Rearrange (2) and calculate Ia, Ib and Ic . Same procedure can be applied to node V ′

a,V
′

b , 
V

′

c . This results in equivalent series circuit of the line section as shown in Fig. 4, which also 
includes the impact of coupling.

So, the three-phase π-model of a line can be written in the nodal frame as
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Fig. 3  a Mutual coupling between line sections with the ground wire in impedance form; b Transformed 
network in impedance form
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where Y abc = Z−1,abc . The similarity between single-phase and three-phase admittance 
matrix is that each element being exchanged by a 3 × 3 matrix.

The current injection method can also represent the line charging (shunt capacitance). 
The charging currents are

Figure  5 shows the capacitance in a three-phase line and its equivalent in current 
injection form.

Wind turbine performance model
The power output from a wind generator is a function of the speed of the wind. The 
power output changes with the change in wind speed. To compute the power output 
given from the wind turbine (WT), it is necessary to know about the wind speed and its 
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profile at that particular location in order to quantitatively determine the value of the 
profile that can be used in the modelling and simulation. A probability distribution func-
tion (PDF) is assumed, mathematically which can be represented by (5) [21].

where k is the shape parameter, c is the scale parameter and v is the wind speed. The 
cumulative distribution of Weibull distribution is mathematically represented by (6) [21, 
22] 

Once the uncertain and variable nature of the wind is determined and modelled as a 
random variable with the help of the probability functions, the output power of the WT 
may also be written as a random variable through a conversion from wind speed to out-
put power. Ignoring some nonlinearity, the output power from WT can be determined 
from given wind speed by (7),

where w =output power from wind turbine (typically in kW or MW); wr= rated power 
from WECS; vi=cut-in wind speed (m/s or miles/h); vr = rated wind speed (m/s or 
miles/h); vo = cut-out wind speed (m/s or miles/h).

Figure 6 shows the wind speed Weibull probability distribution function for k = 2 and 
different values of c.

Improved harmony search algorithm in power flow problem
Power flow problem

The rectangular form of power flow problem can be represented as a set of nonlinear 
equations given below

where Ei and Fi are the real and imaginary parts of ith node voltage. Gij and Bij are the (i, 
j)th element of bus admittance matrix and N = total number of buses.
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where Pi(spe) and Pi(cal) are the specified and calculated power at ith node.
For a PV node, active power and voltage mismatch will be

where Vi(spe) is the specified voltage at ith PV node and Vi(cal) is the calculated voltage 
and is given by

The power flow problem can be formulated as a minimization-type optimization 
problem with an objective function Fit as follows

where N is the total number of buses. M is the total number of PV buses, considering 
first bus (i.e. i = 1) as a slack bus.

It is clear that the optimal value of the objective function will be zero (or on the 
brink of zero). Under a stress or heavily loaded condition when Fit doesn’t go to 
zero, the method will try to minimize it as much as possible. The unknown variables 
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Improved harmony search algorithm

In general, optimization techniques use gradient information to find the appropriate 
direction towards an optimal solution. However, a discrete variable cannot have the 
derivatives. To overcome this, Geem et al. [23] introduced a new meta-heuristic algo-
rithm named harmony search (HS) that is a phenomenon mimicking conceptualized 
using the musical process of searching for a perfect state of harmony. This coordination 
in music is analogous to find the optimal solution to an optimization process. An instru-
mentalist always aims to produce a bit of music with perfect harmony. On the other 
hand, an optimal solution to an objective function of the optimization problem must be 
the best solution obtainable to the problem under the given objectives and limited by 
constraints. Both processes aim to produce the finest or optimum. The harmony search 
algorithm is used for network optimization [24]. The harmony search algorithm is used 
for optimal adjustment of PID controller parameter for an interconnected hydrothermal 
power system, and it shows that controller based on HS has comparatively less time of 
performance in comparison with genetic algorithm (GA) based controller [25]. The HS 
method can be successfully applied to various kinds of problems as structural analysis, 
mechanical component design, water distribution network, medical imaging, games and 
many others. But, its application in distribution load flow has not yet been investigated.

The various steps of the improved harmony search algorithm are:

Step 1: Problem formulation: In order to apply harmony search, an objective func-
tion should be formulated as 

where xi is the set of variables. Xi =
[

xLi , x
U
i

]

 , xLi  and xUi  are the lower and upper 
range of variables. N is the number of variables.
Step 2: Algorithm parameter setting: Once objective function is ready, the param-
eters of the algorithm should be set with convinced values as harmony memory 
size (HMS), harmony memory considering rate (HMCR), pitch adjusting rate 
(PAR), number of improvisation (NI), and fret width (FW). Random length only 
for a continuous variable is FW, which is generally called as bandwidth (BW).
	 Originally fixed values of PAR and BW were used. This fix value leads to 
higher number of iteration, resulting in slow convergence of the algorithm. There 
is a varying value for PAR and BW with iterations [26] as: 

where PARmin and PARmax are the minimum and maximum pitch adjusting rate. 
BWmax and BWmin are maximum and minimum bandwidth. NI is the number of 
solution vector generation, and I is the generation number.
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	 In [27, 28], Panigrahi et al. and Das et al. proposed that BW is the standard devia-
tion of the population in each improvising as: 

	 This modification of PAR and BW called the improved harmony search. This is 
utilized in this paper.
Step 3: Harmony memory initialization: Musician’s harmony memory (HM) is an 
improvisation of many random harmonies. The minimum number of random har-
monies should be HMS 

Step 4: Harmony improvisation: A new harmony is generated based on three basic 
operations expressed as follows: (1) Random selection: The new harmony is gener-
ating by randomly picking any value from the total value range xLi ≤ xi ≤ xUi  with 
probability of (1-HMCR).
	 (2) Memory consideration: A new harmony xnewi  is generated by picking up any 
random value from HM =

{

x1i , . . . , x
HMS
i

}

 with probability of HMCR.
	 (3) Pitch adjustment: After picking up the new value xnewi  , it further updated as 
by a value ( xnewi ← xnewi ± {r × BW} ) with probability of PAR, where r is a random 
number between (0, 1).
Step 5: Update memory: In terms of objective, the new better harmony is replaced by 
worst harmony in HM.
Step 6: Termination criteria: Process stops when the maximum number of improvi-
sation reached.
	 Figure  7 shows the stepwise flowchart of the improved harmony search algo-
rithm.

Results and discussion
The studies are performed on a standard 10-bus radial distribution system data [29]. The 
10-bus radial distribution system consists of 9 load points. The single-line diagram of 
10-bus section of the distribution system with wind generation at bus 10 is shown in 
Fig. 8.

Wind power based on wind distribution

The probability of wind speed is calculated as a Weibull curve defined by average wind 
speed and shape factor k. Generally, k = 2 for inland sites, 3 and 4 for coastal and island 
sites, respectively [30]. The wind is categorized into “bins” of 1 m/s. The instantaneous 
wind turbine power for each bin is multiplied by Weibull wind probability giving the net 
average turbine output power in that bin. The turbine average output power on a con-
tinuous 24-h basis is the sum of these powers.
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Assuming 11.55  m/s, rated speed of wind turbine and cut-in and cut-out speed is 
3 m/s and 20 m/s. The rated power output power of a single turbine is 10 kW, and 75 
similar wind turbines are assumed in a farm. Figure  8 shows the wind turbine power 
(kW) for each bin, Weibull wind probability in percentage and net output power of the 
turbine. The continuous average power comes 3.07 kW for each wind turbine. So, the 
total capacity of the wind farm is about 230 kW as shown in Fig. 9.

DLF without wind generation

For the system explained above, the distribution load/power flow studies are conducted 
by the three methods: (1) NR in rectangular form; (2) BW/FW sweep method [8] and (3) 
IHS algorithm.

In the study, the slack bus voltage and angle are fixed to 1 per unit and 0°. All buses are 
considered as PQ bus except one slack bus (bus 1). Table 1 shows the comparative study 
of voltage (per unit) and angles (°) for base case by all the three methods. The voltage 
magnitude and angles at various buses remain same with NR and BW/FW. Hence, they 
are represented by a single column.

Uniform load increase scenario has been utilized to increase the load as

where i = 1,2,….n; n = number of load buses. Pi
Dbase and Qi

Dbase are the base case active 
and reactive power demand at ith bus. λ is the load parameter. The uniform load increase 
scenario has been utilized for simplicity. However, the user can take any practical load 
increase scenario.

By gradually increasing the loads, Table 2 shows the voltage (per unit) and angles (°) 
of 10-bus radial distribution system by all the three methods. Again, voltage and angle 
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remain very nearly same for NR and BW/FW method for loading parameter λ = 0.5. 
Again increasing the load, the Newton method fails to converge at λ = 1. Table 2 shows 
the voltage magnitude and angle for λ = 0.5 and 1.

Again, increasing the load, both the methods (NR and BW/FW) fail to converge at 
loading parameter 1.2. Table 3 shows the voltage (per unit) and angles (°) profile with 
loading factor 1.2 by IHS algorithm.

DLF with wind power generation incorporated

By the loss-power sensitive, the appropriate location is found at bus 10. So, a total 
230  kW wind generation is considered at bus 10. In this work, wind generation is 
modelled as negative PQ load. The load/power flow studies are again conducted by 
the three methods: (1) Newton method (NR) in rectangular form; (2) backward/for-
ward (BW/FW) sweep method; and (3) improved harmony search (IHS) algorithm.

Table 1  Voltage magnitude and angles at all buses for the base case

Bus no. NR and BW/FW method IHS

Voltage (p.u.) Angle (°) Voltage (p.u.) Angle (°)

1 1 0 1 0

2 0.992901 − 0.521629 0.990022 − 0.52145

3 0.987372 − 1.268056 0.980959 − 1.30509

4 0.963394 − 2.331536 0.952131 − 2.20183

5 0.948002 − 2.65279 0.936043 − 2.39197

6 0.917156 − 3.721687 0.908133 − 3.17217

7 0.907153 − 4.137008 0.900133 − 3.48032

8 0.888942 − 4.618562 0.885924 − 3.85368

9 0.858678 − 5.403437 0.863463 − 4.47808

10 0.837487 − 5.989786 0.847416 − 4.96108

Table 2  Voltage magnitude and angles at all buses for loading parameter 0.5 and 1

Bus no. λ = 0.5 λ = 1 (NR method fails to converge)

NR and BW/FW 
method

IHS BW/FW method IHS

Voltage 
(p.u.)

Angle (°) Voltage 
(p.u.)

Angle (°) Voltage 
(p.u.)

Angle (°) Voltage 
(p.u.)

Angle (°)

1 1 0 1 0 1 0 1 0

2 0.988207 − 0.81406 0.982343 − 0.86374 0.980966 − 1.18418 0.975082 − 1.28949

3 0.97871 − 2.01064 0.965682 − 2.24005 0.964776 − 3.01104 0.952839 − 3.36755

4 0.939225 − 3.71702 0.912916 − 3.81957 0.901417 − 5.61117 0.877246 − 6.06612

5 0.913865 − 4.23758 0.884249 − 4.11878 0.860521 − 6.41119 0.832885 − 6.71287

6 0.862084 − 6.03142 0.836185 − 5.3571 0.773552 − 9.34863 0.749184 − 9.01488

7 0.845068 − 6.75483 0.823158 − 5.85071 0.743988 − 10.6256 0.724111 − 9.93988

8 0.814016 − 7.60161 0.801054 − 6.43089 0.689626 − 12.1393 0.681141 − 10.8925

9 0.761801 − 9.0509 0.766397 − 7.40866 0.595288 − 15.0587 0.609781 − 12.5176

10 0.725008 − 10.1961 0.740121 − 8.24454 0.527498 − 17.7448 0.557307 − 14.0489
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In the study, again the slack bus voltage and the angle are fixed to 1 per unit and 
0°. Table 4 shows the comparative study of voltage (per unit) and angles (°) for base 
case by all the three methods. By gradually increasing the loads, Table 5 shows the 
voltage magnitude (per unit) and angles (°) for loading parameter, λ = 0.5 and 1.2. 
The voltage and angle are remained very nearly same for NR and BW/FW method at 
loading 0.5. At loading 1.2, Newton’s method fails to converge.

Again, increasing the load, both the methods (NR and BW/FW) fail to converge at 
loading parameter 1.5, which has earlier failed at loading 1.2 in “DLF without wind 
generation” section, it shows the improved load handling capability due to the pres-
ence of wind generation. So, due to wind generation, the convergence capability 
shifts to higher loading side. Table 6 shows the voltage and angle profile with loading 
parameter 1.5 by IHS algorithm.

Table 3  Voltage magnitude and angles at all buses for λ = 1.2

Bus no. Loading parameter, λ = 1.2

NR method BW/FW method IHS

Voltage (p.u.) Angle (°)

1 Fail to converge Fail to converge 1 0

2 0.967781 − 0.94564

3 0.93449 − 2.71773

4 0.846154 − 4.19262

5 0.802271 − 4.22604

6 0.739873 − 5.92729

7 0.73087 − 6.6823

8 0.729613 − 7.92762

9 0.738315 − 9.9422

10 0.742732 − 11.3067

Table 4  Voltage magnitude and angles at all buses for the base case

Bus no. NR and BW/FW method IHS

Voltage (p.u.) Angle (°) Voltage (p.u.) Angle (°)

1 1 0 0

2 0.993032 − 0.508712 1 − 0.55081

3 0.98759 − 1.234463 0.989369 − 1.39143

4 0.964189 − 2.260095 0.979776 − 2.35977

5 0.94927 − 2.563162 0.948125 − 2.51909

6 0.919731 − 3.575559 0.930275 − 3.08484

7 0.910303 − 3.963496 0.898919 − 3.28055

8 0.893342 − 4.405375 0.890072 − 3.43316

9 0.865907 − 5.092424 0.876492 − 3.63278

10 0.847727 − 5.564185 0.858537 − 3.81925
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Conclusions
This work represents the application of improved harmony search algorithm for solving 
distribution system power flow problem. The algorithm is applied to standard 10-bus 
distribution system, and the results are compared with conventional NR and BW/FW 
method. The advantage of the proposed IHS method over conventional methods is its 
robustness. In many cases, during very heavy loaded condition the NR and BW/FW 
method fails to provide DLF solution. This method can be used to find the DLF solution 
in such situations where the NR and BW/FW method fails. The small-scale distributed 
generation is an attractive architecture for new distribution networks. Hence, in this 
paper wind generation system is also included in modelling DLF. The model concludes 
the adequacy analysis of distribution system power flow with significant wind genera-
tion. The results for standard 10-bus system demonstrate the potential of the proposed 
algorithm.

Table 5  Voltage magnitude and angles at all buses for loading parameter 0.5 and 1.2

Bus no λ = 0.5 λ = 1.2 (NR method fails to converge)

NR and BW/FW 
method

IHS BW/FW method IHS

Voltage 
(p.u.)

Angle (°) Voltage 
(p.u.)

Angle (°) Voltage 
(p.u.)

Angle (°) Voltage 
(p.u.)

Angle (°)

1 1 0 1 0 1 0 1 0

2 0.98855 − 0.78974 0.980149 − 0.85681 0.977262 − 1.3357 0.963086 − 1.57077

3 0.979338 − 1.94457 0.960684 − 2.28215 0.957389 − 3.44588 0.926629 − 4.3563

4 0.94121 − 3.57937 0.901333 − 3.76759 0.88209 − 6.42468 0.812994 − 7.6828

5 0.916892 − 4.06747 0.86878 − 3.93167 0.833587 − 7.32505 0.74778 − 8.29083

6 0.867944 − 5.75197 0.809265 − 4.78899 0.729157 − 10.7681 0.619441 − 11.0445

7 0.852145 − 6.41968 0.793237 − 5.12375 0.693436 − 12.3141 0.582296 − 12.2694

8 0.82366 − 7.18768 0.772607 − 5.40769 0.628049 − 14.1293 0.528089 − 13.3263

9 0.777105 − 8.43329 0.75324 − 5.84984 0.514917 − 17.7464 0.464901 − 15.032

10 0.746078 − 9.3293 0.7461 − 6.2227 0.436478 − 21.1374 0.436511 − 16.6963

Table 6  Voltage magnitude and angles at all buses for λ = 1.5

Bus no. Loading parameter, λ = 1.5

NR method BW/FW method IHS

Voltage (p.u.) Angle (°)

1 Fail to converge Fail to converge 1 0

2 0.95916 − 1.98214

3 0.922091 − 5.43179

4 0.799481 − 10.2382

5 0.728309 − 11.738

6 0.597883 − 17.2898

7 0.562162 − 19.5731

8 0.507072 − 21.9017

9 0.437166 − 24.3146

10 0.400046 − 24.9881
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Appendix
A. 1. Wind turbine

Shape parameter, k = 2
For k = 2 (Rayleigh distribution), Scale parameter = × √2 = 2

√
, where is the most likely velocity of wind (i.e. 5 m/s) and 

= × (1 + ) = 6.2656 is the mean wind speed (m/s). So, c = 7.07 

B. 1. Harmony search algorithm

Harmony memory size = 55
Harmony memory consideration =  0.98
Pitch adjustment = 0.1 to 0.99

C. 1. 10‑Bus radial distribution system

See Table 7.

Table 7  10-bus distribution network system data

Base MVA = 100, base kV = 23

Line no. Node i Node j Resistance
R (Ω)

Reactance
X (Ω)

Load at the receiving 
node

P (kW) Q (kVAr)

1 1 2 0.1233 0.4127 1840 460

2 2 3 0.0140 0.6057 980 340

3 3 4 0.7463 1.2060 1790 446

4 4 5 0.6984 0.6084 1598 1840

5 5 6 1.9831 1.7276 1610 600

6 6 7 0.9053 0.7886 780 110

7 7 8 2.0552 1.1640 1150 60

8 8 9 4.7953 2.7160 980 130

9 9 10 5.3434 3.0264 1640 200
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