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Abstract- In this paper, a combination of simulated annealing (SA) and intelligent water drops (IWD) algorithm is 

used to solve the nonlinear/complex problem of simultaneous reconfiguration with optimal allocation (size and 

location) of wind turbine (WT) as a distributed generation (DG) and dynamic voltage restorer (DVR) as a 

distributed flexible AC transmission systems (DFACT) unit in a distribution system. The objectives of this research 

are to minimize active power loss, minimize operational cost, improve voltage stability, and increase the load 

balancing of the system. For evaluation purposes, the proposed algorithm is evaluated using the Tai-Power 11.4-kV 

real distribution network. The impacts of the optimal placement of the WT, DVR, and WT with DVR units are 

separately evaluated. The results are compared in terms of statistical indicators. By comparing all the testing 

scenarios, it is observed that the multi-objective optimization evolutionary algorithm is more beneficial than its 

single-objective optimization counterpart. Also, the obtained results show that the proposed SAIWD method 

outperforms the IWD method and other intelligent search algorithms such as genetic algorithm or particle swarm 

optimization. 

Keyword: Distribution system, Dynamic voltage restorer, Intelligent water drops, Reconfiguration, Simulated 

annealing, Wind turbine. 

 
1. INTRODUCTION 

A distribution system consists of two types of switches, 

i.e. tie (open) and sectionalizing (closed). By changing 

the status of switches between feeders, the structure of 

the distribution network will change, which is known as 

reconfiguration [1]. The main objective of 

reconfiguration is to reduce losses, increase voltage 

stability and reliability, improve voltage profile, 

enhance load balancing, and relieve overload in the 

distribution network [2]. 

Merlin and Back first proposed the concept of 

reconfiguration in a distribution network in 1975 [3]. A 

genetic algorithm was used for reconfiguration to 

specify the minimal loss operational structure [4]. This 

algorithm is more useful for finding the global optimum 

solution than the heuristic techniques and takes less time 

than the complete exhaustive search, but its main 

problem is how to code the objects into strings [4]. 

Venkatesh and Ranjan [5] proposed a reconfiguration 

method that uses a fuzzy programming technique. This 

method is effective for multi-objective problems. 

Recently, the use of distributed generation resources 

(i.e. photovoltaic, fuel cells, small wind turbines, etc.) 

has become very popular and important, especially in 

restructured power systems. The advantages of 

distributed generation of resources include reduction in 

power loss and improvement in voltage profile and 

reliability of the network. In order to take the most 

advantage of DG units, the selection of their optimal 

locations and capacity is the challenging tasks. 

Various methods have been proposed for finding the 

optimal place and capacity for a variety of DG units. 

Recent advances are mostly based on artificial 

intelligence and heuristic algorithms. Gozel and 

Hocaoglu [6] used an analytical technique for the 

specification of optimum place and capacity of DG to 

minimize active power losses. This technique is based 

on equivalent current injection method. Although the 

computational time of the algorithm is less than that of 

other techniques, the operational cost of the DG 

allocation was not considered in the mentioned work. 

Kollu et al. [7] presented a method based on harmony 

search algorithm (HSA) with a differential operator for 

the optimal allocation of multiple DG units. This study 

was conducted only at nominal load without considering 

light and heavy loads. 

Distributed flexible AC transmission system 

(DFACTS) devices are used in the distribution systems 

with different applications and controlling methods in 
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order to improve the power quality indices. Distributed 

static compensator (DSTATCOM), unified power flow 

controller (UPFC), and dynamic voltage restorer (DVR) 

are more applicable DFACT devices which are widely 

used in distribution systems. The process of finding 

optimal location and capacity of the DFACTS devices 

considerably influences the achievement of higher 

efficient output from these devices. Tanti et al. [8] 

presented an artificial neural network (ANN) approach 

for the optimal placement of the DSTATCOM and the 

DVR in a distribution system. The optimal place of 

DSTATCOM and DVR was achieved by employing a 

feed forward neural network trained by post-fault 

voltage amplitude of three phases at various buses. This 

method was tested only on a small (14 bus) distribution 

system and its performance on larger networks was not 

reported. Jain et al. [9] presented a method for the 

optimal placement of DSTATCOM based on the 

sensitivity index. In this method, the most unstable bus 

is chosen as the candidate bus for installing the 

DSTATCOM.  Although the obtained results were 

compared with or without the DSTATCOM, they were 

not compared to the results of the other techniques. 

Several methods have been proposed for the 

simultaneous reconfiguration and optimal allocation of 

the DG or DFACT units in distribution systems [1, 10]. 

One of the recent works in this area was proposed by 

Kavousi-Fard and Niknam [11]. In this paper, the 

authors solved the uncertainty issues associated with the 

problem of wind turbines reconfiguration using bat 

algorithm. However, simultaneous reconfiguration of 

the DG and DFACT units has been rarely reported in 

the literature. A few studies have investigated the multi-

objective optimization problem including reduction in 

losses, voltage stability improvement, and enhancing 

load balancing in a distribution system.  

  In this paper, a novel idea for simultaneous 

reconfiguration and optimal allocation of both WT and 

DVR units in a distribution network is proposed (the 

presence of the wind turbine increases the voltage drop 

which may lead to voltage instability in the network; a 

DVR unit along with the wind turbine (WT) is 

suggested to overcome this problem). Also, a new 

multi-objective function is proposed for reducing the 

total power loss and operational cost, while improving 

the voltage stability and load balancing indices in a 

distribution system. Furthermore, a hybrid algorithm 

which combines the simulated annealing (SA) and 

intelligent water drops (IWD) algorithms is proposed to 

solve the proposed nonlinear/complex problem. Since 

the proposed SAIWD method uses a two-stage random 

selection, the probability of trapping in a local optimum 

can significantly reduce.  

The rest of this paper is organized as follows: The 

problem is formulated and presented in Section 2. The 

SA and the IWD approaches are discussed in Section 3. 

Section 4 explains the optimization procedure using the 

proposed SAIWD method.  Section 5 includes 

performance evaluation and simulation results. The 

paper is concluded in Section 6. 

 

2. PROBLEM SPECIFICATION 

The problem of simultaneous reconfiguration and 

placement of the WT and DVR units in a distribution 

network is formulated in the following sections: 

 
2.1.  Load flow mathematical model 

An efficient method is used for load flow solution of 

radial distribution networks [12,13]. The applied load 

flow method needs only the set of nodes and branch 

numbers of feeder, all laterals and sub-laterals. The 

proposed method computes branch load flow more 

efficiently and does not need to store nodes beyond each 

branch. The voltage of each node is calculated using a 

simple algebraic equation (i.e. Equation (2)). Load flow 

can be computed using the following equations in a 

distribution system [1, 12-13]: 
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where, 

kP : Real power of bus k, 

kQ : Reactive power of bus k, 

1,, kklossP : Loss of real power in line section 

between buses k and k+1, 

1,, kklossQ : Loss of reactive power in line section 

between buses k and k+1, 

1LkP : Real power of the load at bus k+1, 

1LkQ : Reactive power of the load at bus k+1, 

1, kkR : Line section resistance between two 

consequent buses k and k+1, 

1, kkX : Line section reactance between buses k and 

k+1, 

kY : Shunt admittance of the k-th bus and 

kV : Voltage (magnitude and phase) of the k-th bus. 
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2.2. Wind turbine equations 

A wind turbine system consists of the following main 

components: a mechanical drive, a power grid, a 

controller, and a generator. Wind turbines convert the 

kinetic energy of wind into mechanical energy. The 

generator converts the mechanical energy into electrical 

energy. For a wind turbine unit, the active and reactive 

powers are computed as follows [13]:
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where,

 

 

PWT : Real power generated/consumed by the WT 

QWT : Reactive power generated/consumed by the WT
 

G : Distance between the source and the WT location 

in km and
 

L: Distance from the source to bus k in km

                                       
 

The main components of wind power system are 

represented in Fig. 1. In this paper, a fixed speed model 

for wind turbine is considered which is a PQ bus in the 

load flow analysis. 

 

 
 

Fig. 1. Main components of the wind power system. 

 
2.3. The DVR equations 

The  DVR  is  a  DFACT  device  that consists  of  a 

voltage source converter  (VSC), harmonic filter, 

injection transformer,  and energy  storage  and 

controlling  system. The circuit diagram of the DVR is 

represented in Fig. 2. 

Few articles have addressed the issue of how to model 

DVR for load flow analysis. It is conventionally 

modeled for load flow calculation as PV or PQ buses, 

depending on the application. In the load flow analysis, 

a DVR is treated as a series reactive power controller 

and can regulate its injected reactive power to control 

the voltage of its terminal bus. Accordingly in this 

paper, the DVR is considered a PV bus in the load flow 

analysis. 

 
 

Fig. 2.  The DVR circuit diagram. 

The series injected voltage of the DVR can be written 

as [14]: 

thLthLDVR
VIZVV                                         (5)                                                       

where, 

VL: Magnitude of the load voltage  

Zth: Impedance of the load 

IL:  Current of the load 

Vth: System Thevenin voltage 

The complex power injection of DVR is computed as: 
 LDVRDVRDVRDVR IVjQPS                     (6)                  

 
where, 

DVRS : Complex power injection of the DVR, 

DVRP : Active power injection of the DVR and 

DVRQ : Reactive power injection of the DVR 

 

2.4.  Multi-objective function 

The main objectives are to reduce power loss and 

improve the voltage stability and load balancing 

indices. f1 index reflects the power losses defined as 

follows:
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where, 

ns : Total number of sections for a feeder and 

nf : Total number of feeders in a distribution network     

The decrease in the f1 index implies the reduction of 

power losses in the distribution system.  

The second index reflects the voltage stability in 

the distribution system. 

For two nodes of distribution system, the static 

voltage stability index f2 can be presented as follows 

[15]: 
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The node which has the minimum f2 value is the most 

sensitive one to voltage collapse. Increase in the f2 index 
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means improvement in the voltage stability of the 

network.  

The third objective of optimization is the line 

feeders' load balancing index defined as follows [1]:                                                 
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where, Ik is the current passing through line k. 

The decrease in the f3 index reflects increasing the 

load balancing of the network.  

The fourth term of objective function aims to 

minimize the total operational cost (in 24 h). The 

operational cost is divided into three components [16, 

17]. The first component is related to the cost of active 

power supplied from the substation. This item may be 

decreased by minimizing the total loss of the system. 

The second component is related to the cost of 

active/reactive power supplied by the WT/DVR units. 

This item can be decreased by minimizing the value of 

active/reactive power taken from WT/DVR units. The 

third term is the reconfiguration cost of the system. This 

item may be minimized by reducing the number of 

switching operation. Accordingly, the operational cost 

that can be minimized is as follows: 

rec

DVRWTlossT
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where, 

lossTt ,cos : Cost of active power supplied from the 

substation in 24 h, 

DVRWTt /cos : Cost of active/reactive power supplied 

by the WT/DVR units in 24 h, 

rectcos : Cost of switching operation in 24 h and 

c1, c2 and c3: Price coefficients of the real/reactive 

power injected/consumed by substation, the 

WT/DVR, and reconfiguration in $/kVA/rec. In this 

paper, these coefficients are considered 4 $/kVA, 5 

$/kVA, and 2 $/rec, respectively [16, 17]. 

The constraints considered for the multi-objective 

optimization problem are considered as follows: 

maxmin:1 kkk VVV   (this constraint is related to the 

voltage which is required to be kept within the standard 

limit at each bus) 

where, 

kV  : Voltage of the kth bus for each solution, 

maxkV : Maximum voltage of the kth bus and 

minkV : Minimum voltage of the kth bus 

max1,1,:2   kkkk II (this constraint restricts the 

current of each branch within the standard limitation) 

where, 

1,  kkI : Line section current between buses k 

and k+1after each solution and 

max1, kkI : Maximum line section current 

between buses k and k+1 
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 and klossPkPkP , . 

where, n  is total number of buses.  This constraint is 

related to power injection limitation of the branch. The 

optimal location and size of the DG and DVR in 

distribution system is obtained regarding the power 

balancing constraint.) 

4: Radial structure of the network should be maintained.
 

5: All the available nodes of the considered distribution 

system should be fed (to satisfy both 4 and 5 constraints 

simultaneously, a method based on [18] is employed in 

which a radial distribution network which feeds all of its 

loads can be considered a tree graph) 

According to the above description, the following 

mathematic relation is defined for the fitness function 

evaluation of the solution:  
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where,  

F1 = (f1b – f1)/f1b, F2 = ((f2 – f2b)/f2b)-1, F3 = (f3b – f3)/f3b, 

F4 = (f4b – f4)/f4b, and 1 = 2 = 33.03   are the penalty 

coefficients. These coefficients are imposed when 

constraints are violated. fib is the base value of the ith 

objective function. The basic value for all the 

objectives, except the second objective function (f2b), is 

considered the maximum amount of each objective. It is 

clear that the greater amount of F1, F2, F3, F4 fitness 

values (i.e. the smaller value of f1, f3, f4 and larger value 

of f2) improves the multi-objective function. 

 
3. OPTIMIZATION METHODS 

3.1.  Simulated annealing (SA) algorithm 

The idea of ssimulated annealing was first proposed by 

Metropolis et al. in [19].  In this algorithm, each "s" 

point is assumed as a state of particular system. The 

function E(s) indicates the internal energy of the system 

in a particular situation. The main objective is to modify 

the system performance from an initial situation to an 

optimal situation with the minimum level of energy [20-

21]. 

The change of energy is expressed by E . If 0E , 

the replacement of the atoms is admitted; otherwise, a 

probability function will determine the chance of the 

acceptance of the new structure [1, 22]: 

http://en.wikipedia.org/wiki/Thermodynamic_state
http://en.wikipedia.org/wiki/Physical_system
http://en.wikipedia.org/wiki/Internal_energy


Journal of Operation and Automation in Power Engineering, Vol. 4, No. 2, Dec. 2016                                         97 

 

 )
.

exp()(
kb Tk

E
Ep


                                                  (12)     

where, 

bk  : Boltzmann's constant and 

kT : Temperature at time k                                                       

The cooling procedure is anticipated to cool down the 

system faster than the beginning, but slower when the 

temperature is reduced as specified follows [1, 22]: 

0TTk                                                                  )13(   
where 

 : Cooling rate 

T0 : Initial temperature                                                              
In the probability evaluation procedure, a random 

number will be chosen within [0, 1]. The selected 

number will be compared with the )( Ep  value. If it is 

smaller than )( Ep  , the new structure is accepted; 

otherwise, it will be rejected. The procedure continues 

until achieving an equilibrium level.   

 
3.2.  Intelligent water drops (IWD) approach 

The IWD algorithm tries to mimic the behavior of the 

swarm of water drops in discovering their ways to the 

oceans [1, 23]. 

Each IWD model includes two important parameters:  

 Load of soil: IWDsoil . 

 Velocity: Movement velocity of water drops: 
IWDvel  . 

These parameters change during the IWD movement. 

The velocity of water drops is frequently updated on the 

interval of IWDvel  from point i to point j as follows [1, 

23]:    

2)],([ jisoilcb

a
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vv

vIWD


                                     (14)                

where, 

),( jisoil : Soil of the edge between points i and j 

av, bv, and cv: Positive parameters for the IWD 

algorithm. 

                         

The velocity of the drops at )1( ttime , is given by [1, 

23]: 

 

IWDIWD
t

IWD
t velvelvel 1                                        (15)                                 

where, 
IWD

tvel is the velocity of the IWD at time t. 

The soil load removed from the bed of the edge of 

),( jiedg  from point i to point j is given as follows [1]: 
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where, 
as, bs, and cs: Pre-defined positive parameters for 

the IWD algorithm and 

);,( IWDveljitime  is calculated using Eq. (17): 
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where, ),( jiHUD  is a heuristically defined function 

and v  is threshold of velocity [1].  

 The updated soil and the soil load of the IWD are 

evaluated using Eqs. (18) and (19), respectively [1, 23]. 
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where, n  is the local soil updating parameter.         

),()()1( jisoilsoilsoil t
IWD

t
IWD                      )19(                                 

The edge of an IWD is selected using a probability 

function as follows [1, 23]: 
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s is a small positive figure to collate the singularity. 

 The function )),(( jisoilg  is defined as follows: 
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The function min(.) indicates the minimum values. 

The best solution of the current best iteration, TIB, is 

evaluated at the end of each iteration as follows: 

)(maxarg IWD

IWDs

IB TqT


                                             )22(                                                 

where, TIWD
: Solution founded by an IWD, TIB is the 

current iteration best solution and the function (.)q is the 

fitness function and TIWD is a solution generated by an 

IWD.  

The ),( jisoil corresponding to T IB is updated using 

the following equation [1, 23]: 

 IBIWD
IB

IB
IWD

IWD

Tjisoil
N
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where  
IWD

IBsoil : The best IWD soil in the current 

iteration when reaching the destination, 

 NIB: The number of nodes in the IWD solution and 

IWD : Global soil updating parameter [1, 23]. 

At the end of each iteration, the total best solution TTB 

is updated based on the T IB as follows: 

 )()( IBTBTB

otherwiseIB

TqTqifT

T

TBT




                           

)24(

                                           
 

In the IWD algorithm, the above equation guarantees 

that T TB always contains the best solution discovered so 

far [1, 23]. 

 
4. THE PROPOSED HYBRID SAIWD METHOD 

The perceptual diagram of the SAIWD is shown in 

Fig. 3. First, initial IWD swarms are created according 

to the IWD structure. Next, using the information 

provided by the equation of position movement of the 
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IWD, each IWD moves from the present (i) to the next 

(j) positions. Normal IWD automatically accepts this 

position as the new position of the IWD; however, the 

SAIWD introduces the SA acceptance rule at this stage. 

The rule determines whether to accept the new position 

or recalculate another candidate position, which is 

conducted according to the fitness function difference 

between the new and old positions and enables the 

solution to jump out of local optima and decrease the 

vibration near the end of a located solution.  

 

 
 

Fig. 3. The SAIWD perceptual diagram. 

 

These characteristics improve the quality of the 

solution and increase the conversancy rate.  

Since the rule for accepting or rejecting a new 

solution is based on the current temperature parameter 

and the fitness value difference, the process will explore 

for the solutions toward the direction of TIB and TTB. If a 

candidate solution satisfies the related criteria, then a 

new position is computed using the IWD (similar to the 

disturbance mechanism in the SA); this procedure is 

repeated until the rule accepts the new position or the 

upper limit of disturbances is achieved. In this way, the 

algorithm can explore more solutions on the paths by 

increasing the probability that leads to achieving the 

global optima. In addition, the parallel processing 

capabilities of the IWD reduce calculation time. Since 

the proposed hybrid method uses random selection 

twice, therefore, the probability of trapping in a local 

optimum is significantly reduced.  

 

 
 

Fig. 4. The flowchart of proposed SAIWD algorithm. 

The details of the flowchart of the SAIWD algorithm 

are presented in Fig. 4 and the whole procedure of the 

SAIWD is described as follows:  

Step 1: Set all the parameters, including as, bs, cs, av, 

bv, cv; Initsoil, Initvel, NIB,
IWD , n , MaxIter, initial 

temperature T0, cooling rate ( ), and set 

0tItercount  . Initialize IWDs randomly.  

Step 2: Calculate soil t
IWDsoil  and velocities 

IWD
tvel  for each IWDi. 

Step 3: Calculate the fitness value ( )( IWDTq ) of all 

IWDs and determine the values of TIB and TTB for the t-

th solution. 

Step 4: Evaluate t
IWD

t
IWD

i
ii TqTqq )()( 1    and 

select a random number ]1,0[g . If 0 iq , it means that 

the new solution is improved for optimizing fitness 

function; then, it is accepted as the new status of IWDi. 

Otherwise, iIWDT is accepted if )exp(
k

i

T

q
g


 . 
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Step 5: If the soil load and velocity of all the IWDs 

are determined, go to Step 6; else, return to Step 2 for 

those IWDs that have no chance for being accepted and 

generate new soils and velocities using the similar 

procedure. 

Step 6: Update each IWD status to the new status and 

modify TIB and TTB by comparing their fitness values. 

When the evolution process reaches the stopping 

criteria, go to Step 7; otherwise, let t = t + 1 and 

kk TT 1 and then go to Step 2. 

Step 7: Print the best solution TTB. 

 
5. SIMULATION AND NUMERICAL RESULTS 

For the performance evaluation of the hybrid SAIWD 

algorithm, the proposed approach is implemented in 

MATLAB. The testing system employs the Taiwan 

Power Company (Tai-Power Company) 11.4-kV 

distribution system at the nominal load level.  

For the nominal load level, six different scenarios are 

considered to analyze the effectiveness of the proposed 

hybrid approach as follows: 

Scenario I: Test the system without the 

reconfiguration and allocation of the WT and the DVR 

units. 

Scenario II: Test the system only with 

reconfiguration. 

Scenario III: Test the system with optimal WT 

allocation. 

Scenario IV: Test the system with optimal DVR 

allocation. 

Scenario V: Test the system with simultaneous WT 

and DVR allocation and without reconfiguration.  

Scenario VI: Test the system with simultaneous 

reconfiguration and allocation of the WT and DVR.  

For the scenarios including the WT or DVR, the 

maximum capacity of 3 MVA is considered for the WT 

or DVR installation. 

The choice of parameters is determined using a trial 

and error process. The selected parameters for the 

simulation are as follows: 

 as, cs, av, and cv=1, b and bs=0.01, Initsoil=3000, 

Initvel=100, MaxIter=100, IWD =0.85, n =0.89, 

s =0.001, )( IWDTq =  , Temperature steps=50, 

 =0.98, and T0=300k. 

 
5.1. Evaluation process 

For the evaluation purpose, a testing procedure is 

conducted. The test system is a real distribution network 

from Taiwan Power Company (TPC), the details of 

which are provided in [24]. This practical 11.4-kV 

system was equipped with 83 sectionalizing switches 

and 13 tie switches. The total system load, which was 

considered balanced and constant, was 28.35 MW and 

20.7 MVAr, respectively. More details could be found 

in [24]. The load flow was calculated based on 

Sbase=100 MVA and Vbase= 11.4 kV. 

 
 

Fig. 5. Taiwan Power Company test system. 

 

5.2. Obtained results 
The results of the proposed approach for scenarios II to 

VI are presented in Table 1.  

It is observed in Table 1 that base power loss (f1 

index) is 531 kW which is reduced to 371.34, 338.06, 

365.27, 302.58, and 281.72 kW using scenarios II to VI, 

respectively. 

f2 (i.e. voltage stability index) is calculated as 0.92, 

0.95, 0.91, 0.96, 0.97, and 0.99 and f3 (load balancing 

index) is obtained as 140.4, 109.73, 97.05, 104.62, 

95.21, and 91.16 for scenarios I to VI, respectively. f4 

(operational cost function) is computed as 7663, 7155, 

6935, 7089, and 5847 $ for scenarios II to VI, 

respectively. Also, Table 1 includes the optimal 

location and size for WT and DVR units for scenarios 

III to VI. The obtained results for f1, f2, and f3 indices 

are compared to the base system (scenario I) and the 

results are presented in Fig. 6 for scenarios II to VI. 

Furthermore, in this figure, the obtained results are 

compared using the calculated f4   values for scenarios II 

to VI. 

By comparing the obtained results from Table 1 and 

Fig. 6, the following conclusions are made: 

 It is confirmed that, by applying the proposed 

SAIWD approach, the active power loss is reduced and 

load balancing indexes are improved for all the indices 

in scenarios II to VI. 

 It can be seen in Table 1 and Fig. 6 that maximum 

improvement in all the four f1, f2, f3, and f4 indices is 

achieved based on scenario VI. This result proves the 

superiority of scenario VI, i.e. proposed hybrid 

approach, to other scenarios.  

 According to Fig. 6 (a), (b), (c), and (d), the best 

results are obtained based on scenario VI (simultaneous 

reconfiguration with WT and DVR allocation) and 

scenario V (simultaneous WT and DVR allocation),  

respectively. Comparing various results obtained from 

different scenarios involving reconfiguration, the WT or 

DVR allocation, and hybrid model, it is revealed that 
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simultaneous reconfiguration with WT and DVR 

allocation, or simultaneous WT and DVR allocation are 

more superior to their single-objective optimization 

model. 

  Voltage stability index is improved for scenarios 

II, IV, V, and VI, while it is deteriorated in scenario III. 

It means that, although the allocation of the WT units 

within the distribution system improves the loss 

reduction and load balancing indices, it may reduce the 

voltage stability of the network. This result seems to be 

reasonable, because the WT unit can inject the active 

power; on the other hand, it may feed from the reactive 

power of the network. The system voltage stability 

index is decreased due to the reactive power decrease 

[25]. If the WT consumes a large quantity of the 

reactive power, it can lead to voltage instability. 

Table 1. SAIWD results for the TPC test system 

 As shown in Table 1 and Fig. 6, although both 

scenarios III and V contain a WT unit, the results of 

scenario V are better than those of scenario III 

(especially, in improving the voltage stability index). As 

in scenario V, a DVR unit is allocated along with the 

wind turbine. It can be concluded that the use of a DVR 

unit can solve the voltage instability problem produced 

by wind turbine.  

 From Fig. 6 (a) and Fig. 6 (c), it is observed that the 

loss reduction and load balancing improvement based 

on scenario III are greater than the corresponding values 

based on scenarios II and IV. It means that, in order to 

reduce power losses or increase load balancing, the use 

of WT units can be more effective than the 

reconfiguration or placement of DVR unit. 

 From Fig. 6 (b), it is observed that the voltage 

stability based on scenario IV is greater than the 

corresponding values based on scenarios II and III. It 

means that, in order to only improve voltage stability, 

the DVR units can be more efficient than 

reconfiguration or the WT unit allocation. 

 Among all the scenarios, the maximum and 

minimum operational cost values are obtained for 

scenarios II and VI, respectively.  

 
 

Fig. 6. Comparison of the obtained results for (a) f1, (b) f2, (c) f3 

and f4 indices improvement. 

 

It means that: 1) Among single-objective optimization 

models (i.e. scenarios II to IV), although it seems the 

initial cost of the reconfiguration is less than the WT or 

DVR installation, the implementation of scenario II can 

save less for the future costs of distribution system than 

Scenario Tie (open) switches 

WT size 

(MVA) @ 
bus 

DVR 

size 
(MVA) 

@ bus 

f1(kw), f2(p.u), f3 

and  f4($) values 

II 

 

7, 13, 34, 39,  55, 62, 
72, 83, 86, 89, 90, 92, 

95 

- - 
387.2, 0.93, 

112.61, 

7663 

III 
84, 85, 86, 87, 88, 89, 
90, 91, 92, 93, 94, 95, 

96 

2.617 

@ 79 
- 

354.85, 0.90, 
106.42, 

7155 

IV 

 

84, 85, 86, 87, 88, 89, 
90, 91, 92, 93, 94, 95, 

96 

- 
1.837@ 

8 

382.31, 0.94, 
110.76, 

6935 

V 

7, 13, 34, 39, 41, 61, 

84, 86, 87, 89, 90, 91, 

92 

1.865 
@ 20 

1.523@ 
9 

341.764, 

0.95,  102.68, 

7089 

VI 

 

7, 13, 34, 39, 42, 55, 
72, 86, 89, 90, 91, 92, 

96 

2.457 

@ 20 

1.749@ 

10 

319.28, 
0.97,  97.58, 

5847 
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the WT or DVR installation (the reason could be less 

power loss reduction and inability to inject the power 

into the grid of this scenario); and 2) Although it seems 

the initial cost of scenario VI is more than that of others, 

the implementation of scenario VI can lead to the most 

economical saving in the future costs of distribution 

system, compared with other scenarios (because by 

adding WT and DVR units along with reconfiguration, 

on the one hand, the power loss and its cost will 

significantly reduce and, on the other hand, the 

purchased power from transmission lines is reduced, 

which leads to the minimization of the total operational 

costs). 

Results of the IWD approach without optimization by 

the SA algorithm on the TPC test system are shown in 

Table 2.  

As can be observed, the power loss index ( f1) is 

estimated as 387.2, 354.85, 382.31, 341.764, and 319.28 

kW, voltage stability index ( f2) is calculated as 0.93, 

0.90, 0.94, 0.95, and 0.97, and load balancing index ( f3) 

is obtained as 112.61, 106.42, 110.76, 102.68, and 97.58 

for scenarios II to VI, respectively. f4 (operational cost 

function) values are 8405, 7764, 7325, 8119, and 6291 $ 

for scenarios II to VI, respectively. These results prove 

that the performance of SAIWD approach is better than 

that of the IWD.  

 The obtained results on the TPC test system show 

that bus No. 9 is more sensitive than other buses. In the 

base case, the voltage magnitude of this bus is 0.928 

p.u. However, this bus is the weakest bus of the system 

and it is more subjected to voltage collapse in the case 

of load variation. 

Table 2. IWD results for the TPC test system 

After bus No. 9, buses No. 10 and 8 are more 

subjected to voltage collapse. The voltage magnitude of 

these two buses, i.e. bus No. 10 and bus No. 8, is 0.929 

and 0.930 pu, respectively. The voltage magnitude 

curves for buses No. 8, 9, and 10 are shown in Fig. 7(a) 

for scenario I (i.e. the base system without any 

optimization) when a fault is accrued at the weakest 

buses at t=1 sec and is cleared at t=5 sec. 

As seen in this figure, the voltage of buses No. 8, 9, 

and 10 from the beginning to end experiences some 

oscillations that lead to voltage instability. 

Also, it can be seen in Fig. 7(b) that, by the 

simultaneous reconfiguration with optimal allocation of 

the WT and DVR units, i.e. scenario VI, the voltage 

magnitude of the three weak buses is increased and the 

oscillations are entirely damped. 

For the performance evaluation of the proposed 

method at different load levels, the TPC test system is 

simulated at three load levels, i.e. 0.5 (light), 1.0 

(nominal), and 1.6 (heavy) for scenarios I and VI. 

The obtained results are presented in Table 3. It can 

be seen in Table 3 that, at the light load, the base case f1 

index is 123.77 which is reduced to 104.16 for scenario 

VI. At the light load, the base case f2 index is 0.96 which 

is ameliorated to 1.00 and the f3 index for the base case 

is 108, which is improved to 84.25 for scenario VI. 

Also, at this load level, f4 is computed as 3937 $ for 

scenario VI. Similarly, it can be seen in Table 3 for 

heavy load that, three f1, f2, and f3 indices are improved 

for scenario VI in comparison with the base scenario. 

 
Fig. 7. Comparison of voltage magnitude of buses No. 8, 9 and 10 

(a) under the fault condition: for the base system (i.e. scenario I) 

and (b) after applying the proposed method (i.e. scenario VI). 

 

Scenario Tie (open) switches 

WT size 

(MVA) 
@ bus 

DVR 
size 

(MVA) 

@ bus 

f1(kw), f2(p.u), f3 

and  f4($) values 

I 

84, 85, 86, 87, 88, 89, 

90, 91, 92, 93, 94, 95, 

96 

- - 
531, 0.92, 140.4, 

- 

II 

 

7, 13, 34, 39, 41, 61, 84, 

86, 87, 89, 90, 91, 92 
- - 

371.34, 0.95, 
109.73, 

8405 

III 

84, 85, 86, 87, 88, 89, 

90, 91, 92, 93, 94, 95, 

96 

2.941 

@ 20 
- 

338.06, 0.91, 

97.05, 

7764 

IV 

 

84, 85, 86, 87, 88, 89, 
90, 91, 92, 93, 94, 95, 

96 

- 
1.903 

@ 9 

365.27, 0.96, 
104.62, 

7325 

V 
7, 13, 34, 39, 41, 61, 84, 

86, 87, 89, 90, 91, 92 
2.735 
@ 22 

1.876 
@ 9 

302.58, 

0.97,  95.21, 

8119 

VI 
 

7, 13, 34, 39, 42, 55, 72, 
86, 89, 90, 91, 92, 96 

2.676 
@ 20 

1.854 
@ 10 

281.72, 

0.99,  91.16, 

6291 
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Table 3. The obtained results for different lad levels on the TPC 

test system 

Load level 
Item 

 

Heavy 
(1.6) 

Nominal 
(1) 

Light 
(0.5) 

 

84, 85, 86, 87, 88, 
89, 90, 91, 92, 93, 

94, 95, 96 

84, 85, 86, 87, 

88, 89, 90, 91, 

92, 93, 94, 95, 
96 

7, 13, 34, 39, 

41, 61, 84, 

86, 87, 89, 
90, 91, 92 

Tie (open) 

switches 
Scenario 

I 

 
1508.73 531 123.77 f1(kw) 

0.83 0.92 0.96 f2(p.u) 

185.02 140.4 108 f3 

- - - f4($) 

7, 13, 34, 39, 41, 
61, 84, 86, 87, 89, 

90, 91, 92 

7, 13, 34, 39, 

42, 55, 72, 86, 

89, 90, 91, 92, 

96 

7, 13, 34, 39, 

42, 55, 72, 

86, 89, 90, 

91, 92, 96 

Tie (open) 

switches 
Scenario 

VI 
1273.43 281.72 104.16 f1(kw) 

0.91 0.99 1.00 f2(p.u) 

154.87 91.16 84.25 f3 

11269 5847 3937 f4($)  

Also, the value of f4 index, at the heavy load level, si 

shown in Table 3 for scenario VI. The obtained results 

reveal the superiority of the proposed approach in the 

case of various load levels. Scenario VI is also 

simulated at nominal load using genetic algorithm (GA) 

[4] and particle swarm optimization (PSO) [26]. 

Table 4. Comparison of simulation results for different 

approaches. 

 

 
 

 

 
 

 

 

 

 

 
 

Method 

 

   

GA [4] 

Tie (open) 

switches 

7, 13, 34, 39, 42, 55, 72, 

86, 89, 90, 91, 92, 96 

f1(kw) 301.32 

f2(p.u) 0.93 

f3 112.45 

f4($) 6156 

WT size(MVA) 
@ bus 

2.380 
@ 21 

DVR(MVA) @ 

bus 

1.706 

@ 10 

 

PSO [26] 

 
Tie (open) 

switches 

7, 13, 34, 39, 41, 61, 84, 

86, 87, 89, 90, 91, 92 

f1 298.56 

f2 0.95 

f3 108.23 

f4($) 5934 

WT size(MVA) 

@ bus 

2.416 

@ 21 

DVR(MVA) @ 
bus 

1.793 
@ 8 

 

SAIWD 
(proposed 

method) 

 

Tie (open) 
switches 

7, 13, 34, 39, 42, 55, 72, 

86, 89, 90, 91, 92, 96 

f1(kw) 281.72 

f2(p.u) 0.99 

f3 91.16 

f4($) 5847 

WT size(MVA) 
@ bus 

2.676 
@ 20 

DVR(MVA) @ 

bus 

1.854 

@ 10 

The results are compared with the results obtained 

using the proposed SAIWD algorithm. It is observed 

that the SAIWD approach outperforms other counterpart 

algorithms such as GA and PSO algorithms. 

The results of different methods based on scenario V are 

presented in Table 4.   

As shown in Table 4, the value of f1 index is 

calculated as 301.32, 298.56 and 281.72 kW, the value 

of f2 index is obtained as 0.93, 0.95, and 0.99 p.u, the 

value of f3 index is obtained as 112.45, 108.23, and 

91.16, the value of f4 is 6156, 5934, and 5847 $ using 

GA, PSO, and SAIWD approaches,   respectively. From 

Table 4, it can be concluded that the SAIWD method is 

superior to the GA and the PSO algorithms in all terms 

of loss reduction, operational cost minimization, and 

improving voltage stability and load balancing.  

 

 
Fig. 8. The convergence behavior of fitness function (F) 

improvements by GA [4], PSO [26] and proposed SAIWD 

approaches for scenario VI. 

Fig. 8 shows the convergence behavior of fitness 

function (F) using the GA, PSO, and SAIWD methods 

for scenario VI. Therefore, the SAIWD approach with 

the final fitness value F=1.48, has a better convergence 

behavior than the PSO and the GA with the final fitness 

values of 1.31 and 1.19, respectively. 

6. CONCLUSION 

In this paper, the SAIWD algorithm is presented for 

simultaneous reconfiguration and allocation of the WT 

and DVR units in the distribution system. The proposed 

approach is employed to reduce the power loss, 

minimize operating cost, improve voltage stability, and 

ameliorate load balancing of the feeder. To evaluate the 

effectiveness of the proposed approach, six different 

scenarios are tested on a real distribution network, i.e. 

Taiwan Power Company. At the nominal load, the loss 

reduction is 46.9% and also voltage stability and load 

balancing improvements are 7.6% and 35.07%, 

respectively, compared with the base system. Also, by 

comparing the results of the operational cost of various 

scenarios, it is observed that the simultaneous 

reconfiguration and allocation of the WT and the DVR 

units based on the SAIWD method, with the total cost 

of 5847 $, will lead to the most economical saving in 

the future costs of the distribution system. By 

comparing the results, it is found that the installation of 

the WT unit is more efficient than the reconfiguration or 

DVR unit allocation for loss reduction or load balancing 

improvement, while the implementation of the DVR 

unit is more efficient than reconfiguration or the WT 
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allocation for the voltage stability improvement. The 

evaluation of different scenarios shows the allocation of 

the WT unit may reduce the voltage stability of the 

network and this problem can be solved by the use of 

the DVR along with wind turbine unit. From the 

obtained results, it is revealed that the proposed SAIWD 

approach outperforms the IWD, GA, and PSO 

approaches in all the terms of the loss reduction, while 

minimizing the operating cost and improving the 

voltage stability and load balancing indices in the 

distribution system. 

FUTURE WORKS 

In this study, uncertainty sources associated with the 

wind turbine power generation were ignored. The future 

works could extend the proposed method by managing 

the uncertainties in the output of the wind turbine 

power. 
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