
  

  

Abstract—This paper presents a hybrid approach to calculate 

the optimal size of inverter-based distributed generation unit 

located at any given bus of a radial distribution network to 

minimize the active power loss in the network in presence of 

limit imposed on the maximum allowable value of total 

harmonic distortion in bus voltages. The suggested approach 

combines efficient iterative computations with a rule base 

developed in the present work, and requires much less 

computation compared to the evolutionary population based 

methods reported so far, to reach the desired solution. In 

support of this claim, the proposed methodology was tested on 

two bench-mark distribution test systems, and the test results 

were compared and validated with those obtained using Particle 

Swarm Optimization technique. PSO has been chosen for 

comparison as it is one of the most widely used among the 

evolutionary population based methods due to its simple 

approach, ease of implementation, and also because of its 

superiority in terms of precision, robustness and speed of 

convergence. From the comparative results it has been 

established that the proposed method can provide solution for 

the problem undertaken in this work with significantly less 

computation than is required by the evolutionary computation 

based methods. 

 
Index Terms—Harmonic distortion limit inverter-based DG 

unit, network loss minimization, total harmonic distortion, rule 

base. 

 

I. INTRODUCTION 

Integration of distributed generation (DG) in distribution 

system can provide a number of technical, environmental and 

economic benefits [1], [2]. But proper planning for optimal 

DG location and size is required to achieve those benefits to 

the fullest extent. Reduction in network power loss is one of 

the most prominent and desirable among those benefits.  

Majority of the DG units now-a-days use renewable 

energy sources. These renewable energy based DG units use 

power electronic inverters for their interface with the network. 

Proliferation of these inverter-based DG units along with 

different types of nonlinear loads has resulted in harmonic 

distortions in either or both current and voltages in 

distribution networks. These distortions in currents and 

voltages have adverse effects on system operation, protection, 

stability and reliability issues [3]-[5]. It is, therefore, 
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necessary to keep these distortions within some acceptable 

range to avoid any mal-operation of the system. Such 

requirements impose the necessity of taking into 

consideration the effect of harmonics injected by these DG 

units while solving the problem of optimal planning for their 

installation. 

Consideration of harmonic distortion limit in optimal DG 

planning for loss minimization in distribution network can be 

found in the references [6]-[15]. All these authors have used 

evolutionary population based iterative techniques to solve 

the optimization problems in their studies. While authors of 

[6] have used Evolutionary Programming (EP), authors of [7], 

[8] have applied Genetic Algorithm (GA) to solve the 

problem. Application of Harmony Search Algorithm (HSA) 

can be found in the work reported by the authors of [9]. 

Authors of [10] have employed, Biogeography Based 

Optimization algorithm (BBO) for the solution of the 

problem.  Particle Swarm Optimization (PSO) has been 

applied by the authors of [11]-[15] to solve the problem of 

optimal DG planning in presence of harmonic distortion limit. 

The aforementioned evolutionary computation based 

methods have their relative merits and demerits but all of 

them suffer from a common draw-back. All these methods 

are computationally highly demanding for optimal DG 

planning problem as each of them requires large number of 

harmonic load flow (HLF) calculations [16]-[18] to generate 

acceptable solution. 

In the present study, a hybrid method is proposed for 

optimal sizing of inverter-based DG unit located at any given 

bus of a radial distribution network. The method utilizes a 

computationally efficient iterative technique [19] in 

combination with a rule base that has been developed in the 

present study. The solution gives the size of the DG unit that 

minimizes the network power loss while satisfying the 

constraint imposed on the allowable limit of  
VMTHD  , the 

maximum total harmonic distortion in bus voltages. The 

proposed method requires only few HLF to be executed to 

arrive at an acceptable solution for any given bus, and thus, 

requires significantly less computation compared to the 

evolutionary population based methods. To validate this 

claim, the results obtained using the suggested method has 

been benchmarked with those obtained using PSO [20]. PSO 

has been chosen as it is one of the most widely used among 

the evolutionary population based methods due to its simple 

approach, ease of implementation, and its superiority [21] 

over most of the other methods of this category in terms of 

precision, robustness and speed of convergence. 

This paper is organized in the following manner. The 

problem statement is given in Section II while Section III 
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elaborates the development of the rule base. Section IV 

explains the methodology and presents the necessary 

computational flowchart. Section V presents the results 

obtained for two benchmark distribution networks, and 

Section VI draws the conclusion from the present work. 

Computations required to determine various quantities 

necessary for execution of the rule base are furnished in 

Appendices A, B and C. Appendix-D provides the harmonic 

data used in the present work. 

 

II. PROBLEM STATEMENT 

The problem undertaken in the proposed work is to 

determine the optimal size of inverter-based DG unit located 

at any given bus of a radial distribution network to achieve 

maximum possible reduction in network power loss within 

the allowable limit on
VMTHD .  

The total active power loss in the network including the 

losses due to harmonics can be expressed as 
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where, B is the total number of branches in the network, h

mI  

is the r. m. s. value of the -thh harmonic component of 

current through the -thm branch, and 
mR   is the resistance of 

the -thm branch. 
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THDvi is the total harmonic distortion of the i-th bus voltage, 

and is given by 
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where, i =  1,2,3,….n ;  n being the number of buses in the 

network,  
1  and h

i iV V  are, respectively, the r.m.s. values of  

the fundamental and the h-th harmonic component of the 

i-th bus voltage. 
1, ,   and h h h

m m i iI R V V , required in (1) and (2) 

for calculation of PLOSS and THDvi are obtained from HLF 

solution.  

The problem is posed as an optimization problem. The 

objective function to be minimized is given by equation (1). 

The equality constraint is given by the following real power 

balance equation 

            1
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where,
ssP =  real power fed by the substation 

       
gP = real power generated by the DG 

       
iLP =  real power demand by the load at ith bus 

whereas, the inequality constraints are given by 

  min maxg g gP P P                             (4) 

and 
VMTHD  ≤ 

LTHD
                                                       

  (5) 

where, 
min max

and g gP P  are minimum and maximum limits of 

DG active power output and
LTHD represents the specified           

limit on the maximum allowable value of 
VMTHD  . 

 

III. DEVELOPMENT OF THE RULE BASE 

In the present work, the rule base is developed from the 

following observations: 

A. Observation 1 

An extensive simulation study was done for a number of 

radial distribution network using repeated HLF calculations. 

For each network, the study was carried out by running HLF 

with the DG unit placed at different buses, taken one at a time, 

and the DG size varied in small steps. In each case, PLOSS  and 

VMTHD
 
were calculated from the HLF result. The HLF 

method presented in [16] has been used in the present study. 

From the results, it was revealed that, with increase in size of 

the DG source placed at any given bus of a radial distribution 

network, the value of 
VMTHD

 
may vary in one of the 

following manner: 

(i) With background harmonics present in the network the 

value of 
VMTHD starts decreasing from 

BTHD (the 

background value of
VMTHD ), and, after attaining a 

minimum, starts to increase monotonically. In some 

cases,  
VMTHD  may increase monotonically starting 

from
BTHD . 

(ii) With no background harmonics present, the value of 

VMTHD  increases monotonically from zero 

(as 0=BTHD ). 

The variation of 
VMTHD with DG size, henceforth, will be 

termed as THD  curve. The above mentioned nature of THD  

curve can be explained as follows: 

The initial decreasing nature of the THD curve is due to 

possible cancellation of some of the background harmonics 

by the DG injected harmonics. As the DG size increases, 

resultant magnitude of those common harmonics go on 

reducing causing the value of 
VMTHD  to go down gradually. 

This trend continues up to a DG size for which the 

cancellation is complete, and after that, the magnitude of 

those common harmonics starts to increase with the DG size 

resulting in an increasing trend in the THD curve. However, 

depending on the background harmonic profile and the 

profile of the DG injected harmonics, the cancellation may 

not be appreciable or no cancellation may occur at all. In that 

case, the THD curve increases monotonically starting from 

BTHD  If 0BTHD = , the THD  curve increases monotonically 

from zero as there is only DG injected harmonics which only 

increases with DG size. 

Fig. 1(a) and Fig. 1 (b) show the THD  curves for some of 

the buses of IEEE-33 bus network [22] and IEEE-69 bus 

network [23] respectively with the load data for both the 

systems modified by loading condition L2 as mentioned in 

Table D1 of Appendix-D to incorporate the effects of 

harmonics due to nonlinear loads. To maintain clarity of 

these figures, curves for only a few arbitrarily selected buses 
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have been shown. 

 
(a) 

 
(b) 

Fig. 1. (a). THD curves for different buses of  IEEE-33 bus network under 

loading condition L2 (b). THD curves for different buses of IEEE-69 bus 
network under loading condition L2 

 

To demonstrate the effect of base case loading on the 

THD  curves, the same for bus 12 of IEEE 33 bus network 

with different degrees of nonlinearities in the base case 

loading (as given by different loading conditions L1, L2, and 

L3) have been presented in Fig. 2 

 

 
Fig. 2. THD curves for Bus 12 of IEEE-33 network under various conditions. 

            A: Under loading condition L1 (THDB =   0.8126) 

            B: Under loading condition L2 (THDB =   3.7099) 

            C: Under loading condition L3 (THDB =   0) 

            D: Under loading condition L1 with 300kW DG placed at Bus 26 

(THDB =   2.33086) 

            E: Under loading condition L2 with 200kW DG placed at Bus 30 

(THDB =   2.92546). 

 

 

 

B. Observation 2 

A typical THD  curve is shown in Fig. 3. 
1 2 and L LS S are 

the sizes for which 
VM LTHD THD= .   mTHD represents the 

minimum value of 
VMTHD  within the range of DG size 

considered, and
mS is the corresponding size of the DG. 

 and Max MinS S
 
are, respectively, the maximum and minimum 

DG sizes considered, and  and   Max MinTHD THD are the 

corresponding values of
VMTHD . It is obvious from this figure 

that, within the range of DG size considered, a THD  curve 

can intersect the 
LTHD line at the most for two sizes, once 

at 1LS  in the decreasing zone of the THD  curve, and, for the 

second time, at
2 2 1 (with )L L LS S S in the increasing zone. A 

decrement in size from 
1LS will raise the value of 

VMTHD  

above 
LTHD while the same will take place for an increment 

in size from
2LS which means 

1 2 and L LS S  are the limiting 

sizes as far as the constraint on maximum limit of 
VMTHD is 

concerned. For any size S , where
1 2< L LS S S , the value of 

VMTHD will be within 
LTHD .This can happen only if 

Min L MaxTHD THD THD   with .m LTHD THD However if 

,Min L MaxTHD THD THD  then, 
2LS will be the only 

intersecting point. In that case, 
VMTHD will be within limit only 

for sizes smaller or same as
2.LS On the other hand, if 

,Min L MaxTHD THD THD   
1,LS will be the only intersecting 

point and
VMTHD will be within limit only for sizes larger than 

or equal to
1,LS  When both  

MaxTHD and 
MinTHD are less 

than ,LTHD for all the sizes within the range, 
VMTHD will be 

within the limit. In case ,Min LTHD THD=  
1LS coincides 

with ,MinS  while 
2LS coincides with

MaxS when .Max LTHD THD=  

No size will be available for which 
VM LTHD THD  if 

.VM LTHD THD   

 

 
Fig. 3. A typical THD curve. 
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Fig. 4. A typical loss curve. 

 

 

C. Observation 3: 

It has been shown in [24] that the network power loss 

varies in a parabolic pattern with the DG size at any given bus 

of a radial distribution network when no harmonics are 

present in the network. An earlier study [19] demonstrated in 

presence of DG injected harmonics, shows that the variation 

of network power loss with the size of DG source placed at 

any given bus has almost same nature as that taking place in 

absence of any harmonics present in the network. Fig. 4 

shows a typical loss curve, where uS is the unconstrained 

optimal size of the DG, i.e., the size that minimizes the 

network power loss with no constraint imposed on the 

maximum allowable value of
VMTHD .Based on the above 

observations, a rule base has been developed which can 

identify the optimal solution optS under different situations. 

The rule base has been presented along with all the necessary 

justifications for each situations in Table I.  

TABLE I: THE RULE BASE 

Rule Situations Optimal solution optS  
Justifications 

1 Min L MaxTHD THD THD   opt uS S=  

The THD  curve lies below the LTHD line for the entire range of DG 

sizes considered. Hence,
 
no restriction on the optimal size is imposed 

by LTHD . 

2 Min L MaxTHD THD THD   

a)
 

2opt LS S=
 
if 

2 .L uS S                           

b) 
opt uS S=

 
if 

2 .L uS S  

 

2LS is the determining factor  as the THD curve intersects the 

LTHD line only once at the size 
2 .LS   

3 Min L MaxTHD THD THD=   

a)
 
If 

m LTHD THD , then  

i)
 

2opt LS S=
 
if

2 .L uS S                          

ii) 
opt uS S=

 
if

2 .L uS S  

 1LS will coincide with ,MinS hence, 
2LS will be the determining factor.                        

b)
 

opt MinS S=
 
if .m LTHD THD=

                               
 MinS  is the only possible solution. 

4 Min L MaxTHD THD THD   
a)

1opt LS S=
 
if 1L uS S    

b)
opt uS S= if 1 .L uS S

 

1LS is the determining factor  as the THD curve intersects the 

LTHD line only once at the size 1.LS  

5 Min L MaxTHD THD THD =  

a)
 
If ,m LTHD THD then  

i) 
1opt LS S=

 
if 1L uS S    

ii)
opt uS S= if 1 .L uS S  

Both 1LS  and 
2LS will exist. 

2LS will coincide with MaxS , so 1LS will 

be the determining factor.  

6 Min L MaxTHD THD THD   

a) No solution exists if 

m LTHD THD  
The THD curve lies above the LTHD line for the entire range of DG 

size considered.  

b)
opt mS S=  if  m LTHD THD=  mS  is the only possible solution. 

c) If ,m LTHD THD  The possible 

solutions are as follows : 

i)  
2 ,opt LS S=

  
if 

2L uS S    

ii) 
1,opt LS S=  if

1L uS S  

iii) ,opt uS S=  if
 

1 2L u LS S S   

 

The THD curve will intersect the LTHD line at both
 
the sizes 1LS  

and
2 .LS  Therefore, 

i) Between
1 2 and L LS S , the later size is nearer to ,uS and hence, 

results in less amount of loss.  

ii)  Between 1 2 and L LS S , the former size is nearer to ,uS and hence, 

results in less amount of loss.  

iii) For the entire range of DG size from 1LS  to
2LS ,

 
the

  
THD curve 

lies below the LTHD line.  
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IV. THE PROPOSED METHODOLOGY  

The proposed methodology is depicted in the form of a 

flow chart as shown in Fig.5. The methodology is pivoted on 

the rule base developed in section III, and on determination of 

appropriate quantities determined from the following such as 

1 2, , , , ,  ,   and u u m m Min Max L LS THD S THD THD THD S S  depending  

on the rule to be fired.  and Min MaxTHD THD
 
are also necessary 

for the rule base to select the rule to fire and can be obtained 

from HLF with DG size  and Min MaxS S placed one at a time at 

the selected bus. The computations necessary for 

determination of other quantities are discussed in appendices.

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Is Min mTHD THD= ? 

Select a bus and set 1 2, , , ,  and .Max Min LS S THD p p   

( 1 2 and p p  are defined in appendix A and  is described in appendix C.) 

 

Determine uS  and uTHD  

 

(2) 

(1) 

Determine 2LS  and set 2opt LS S=  

 

 

Determine ,Min MaxTHD THD  

Is Min LTHD THD= ? Yes 

No  

Is u LTHD THD ? Yes No  

No  

Is Min LTHD THD ? Yes 

No  

(3) 

(4) (5) 

(6) (7) 

(9) 

(10) 

Set opt uS S=
 

Is m LTHD THD= ? 
Yes 

Set opt MinS S=  

 

(8) 

Is Max LTHD THD= ? Yes 

No  

No  

Is Max LTHD THD ? 

Yes Yes 

No  

Is Max mTHD THD= ? 

No  

Determine  and m mTHD S  

(11) 

(12) 

(15) 

(16) 

(17) 

(18) 

Is m LTHD THD= ? 
Yes 

Set opt MaxS S=  

 
No  

Determine 1LS  and set 1opt LS S=  

 

 

Yes 

(13) 

(14) 

Continue Y X 

Start 
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Fig. 5. Computational Flowchart. 

 

The following is to be noted in the context of the 

flowchart:  

 

1)  The condition 
u LTHD THD  is met under all of the 

situations leading to execution of any of the rules - 1, 2b, 

3a (ii), 4b,    5a (ii) and 6c (iii) and all these rules generate 

same output. Hence, block 3 has been used as the first 

decision block in the lowchart to derive the following 

advantages: 

i) The number of decision blocks is reduced as 

multiple rules are taken care of by this single block. 

ii) No other quantities except  and u uS THD are required 

to be determined to fire the appropriate rule in the 

above-mentioned situations. Hence, computations 

required under such situations will be minimum. 

2)   The comparison tasks done in the decision blocks  7, 12, 

16 and 17  do not require determination of the value of 

 mTHD . The value of  mTHD is required only by the 

decision blocks 19 and 21. The reason has been 

explained in details in Appendix   B. 

V.   RESULTS AND DISCUSSIONS 

Efficacy of the proposed approach was tested on two 

benchmark radial distribution test networks, namely, 

IEEE-33 bus network [22] and IEEE-69 bus network [23]. 

The load data for the two systems were modified as given in 

Table D1 of Appendix-D to introduce different degrees of 

nonlinearity in the load. A combination of different types of 

nonlinear loads were considered, and the harmonic spectrum 

[25], [26] of these loads are given in Table D2 to Table D4 of 

Appendix-D. The DG is assumed to be interfaced with the 

network through a six pulse converter whose harmonic 

spectrum [26] is shown in Table D2. For the 33 bus network, 

bus nos. 6 to 18 from the main trunk and bus nos. 26 to 33 

from the longest lateral were chosen for this study, while bus 

nos. 6 to 27 from the main trunk and bus nos. 53 to 65 from 

the longest lateral are chosen for the 69 bus network. Only 

inverter-based DG is of concern in this work. Such DG units 

operate at unity power factor because of their design [12], 

hence, unity power factor DG has been considered in this 

List of the blocks setting the appropriate outputs when 

relevant rules are fired: 

1. Block 4: Rule 1, 2b, 3a (ii), 4b, 5a (ii) & 6c (iii)  

2. Block 8: Rule 3b   

3. Block 9: Rule 2a, 3a (i)                  

4. Block 13: Rule 5b 

5. Block 14:  Rule4a, 5a (i) 

6. Block 26: Rule 6a 

7. Block 20: Rule 6b 

8. Block 24: Rule 6c (ii)  

9. Block 25:  Rule 6c (i) 

 

Continue Y X 

Is m LTHD THD= ? 
Yes 

Set opt mS S=  

No  

Is m LTHD THD ? 

No 

Determine 1LS  

 

Is 1L uS S ? 

Yes 

Set 1opt LS S=  

No 

Determine 2LS  and set 2opt LS S=  

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

Yes 

Display: ‘No 

solution exists.’ 

Print/ Display  

optS and VMTHD  

Stop 
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study. Following the recommendation in IEEE-519 [27] a 

limit of 5% has been imposed on the maximum allowable 

value of 
VMTHD  for both the networks, which means that, the 

value of 
LTHD is taken as 5% for this study. The minimum 

and maximum limit on the size of DG unit to be installed has 

been considered to be 400 kW and 3000kW respectively. The 

solutions are obtained with
1 25,  0.5 and 0.001= = =p p  . p1, 

p2 are defined in Appendix- A and   is defined in 

Appendix-C.  The results thus obtained with the proposed 

method have been compared with that obtained using PSO. 

The comparative results are summarized in Table III (A) to 

Table IV (C).  Table III (A) to Table III (C) show the results 

for IEEE-33 bus network under loading conditions L1, L2 

and L3 respectively. Results for IEEE-69 bus network are 

shown in Table IV (A) to Table IV (C). For brevity, results of 

alternate candidate buses are shown for the 69 bus network. 

The power losses in the two networks prior to installation of 

the DG are given in Table II. 

 
TABLE II: NETWORK POWER LOSS PRIOR TO INSTALLATION OF THE DG 

Network 

Power loss (kW) 

Loading 

condition L1 

Loading 

condition L2 

Loading 

condition L3 

IEEE-33 bus 194. 847  196.18  

 

194.23  

 

IEEE-69 bus 215.235  218.104  215. 0842  

 

 

From Table III(A), III(B) and III(C), it is found that, under 

all loading conditions,  the unconstrained optimum size for 

all buses considered in this study violate the constraint 

on
LTHD  From the results it is clear that the constrained 

optimal sizes obtained by the proposed method corroborate 

with those obtained by PSO. Number of HLF required by the 

proposed method for each bus is also shown from which it is 

found that the maximum number of HLF required by the 

proposed method is 33 which is significantly less than that 

usually required by PSO in such problems. The PSO 

formulation used in [15] has been applied in this work taking 

a swarm size of 10 particles with each particle represented by 

one DG size. Minimum number of iterations required to get 

the desired solution by PSO has been found to be 52 for bus 

27 under loading condition L1. This means a total of (52x10) 

=520 number of HLF as one HLF is required for each particle 

in an iteration.  For bus 15 to bus 18 in Table III (A), for bus 

17 and bus 18 in Table III (B), and for bus 14 to bus18 and 

bus 33 in Table III(C), no solution is obtained as, in each case, 

the value of  ,mTHD within the range of DG size considered, 

is found to be above
LTHD .  

The above results also show appreciable reduction in 

power loss in all cases where constrained solution is available. 

From Table IV (A) it is found that, for the IEEE-69 bus 

system, the constraint on 
VMTHD   is not violated for any of 

the buses of the main trunk, and hence, the constrained sizes 

for these buses coincide with the unconstrained optimal sizes. 

  
TABLE III (A): OPTIMUM DG SIZES FOR IEEE-33 BUS NETWORK UNDER LOADING CONDITION L1 

Bus  

no. 

Without Constraint (By PSO) With Constraint 

By proposed iterative approach By PSO 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

Size 

(kW) 

PLOSS 

(kW) 

THDVM 

(%) 

No. of 

HLF reqd. 

Size 

(kW) 

PLOSS 

(kW) 

THDVM 

(%) 

6 2376 106.1706 6.937 1716 112.6100 4.9979 18 1718 112.3510 4.9988 

7 2255 107.011 9.604 1188 125.6943 4.9959 28 1188 125.6943 4.9959 

8 1926 111.1225 9.1265 1064 126.9385 4.9969 29 1064 126.9385 4.9969 

9 1600 116.9935 10.1162 795 135.5258 4.9970 30 795 135.5258 4.9970 

10 1385 120.5415 10.9531 633 141.2165 4.9941 25 633 141.2165 4.9941 

11 1356 121.1517 10.9044 622 141.4375 4.9937 26 622 141.4375 4.9937 

12 1298 122.4193 10.7862 601 142.0186 4.9916 30 601 142.0186 4.9916 

13 1111 126.9396 11.9894 461 148.8637 4.9942 32 461 148.8637 4.9942 

14 1050 128.5122 12.9617 402 152.5371 4.9892 24 405 151.2311 4.9999 

15 1000 130.8447 13.4695 

No solution is obtained within the range of DG size considered 
16 940 133.8587 13.7504 

17 835 139.0413 15.3375 

18 785 141.8171 15.3868 

26 2248 107.8206 7.058 1595 114.7235 4.9982 27 1595 114.72348 4.9982 

27 1968 110.2001 6.7918 1451 117. 4451 4.9974 28 1451 117.44506 4.9974 

28 1703 114.7254 9.34 908 131.1808 4.9968 15 908 131.18083 4.9968 

29 1513 116.6372 10.6234 706 137.6629 4.9962 27 707 137.13217 4.9995 

30 1418 118.265 10.7486 653 139.2393 4.9995 32 653 139.23926 4.9995 

31 1245 123.5445 12.0524 509 147.0185 4.9958 33 510 147.00012 4.9995 

32 1192 125.6125 12.4852 470 149.6146 4.9953 29 469 149.39324 4.9992 

33 1132 128.8873 13.1762 423 153.3416 4.9996 29 423 153.34165 4.9996 

 

TABLE III(B): OPTIMUM DG SIZES FOR IEEE-33 BUS NETWORK UNDER LOADING CONDITION L2 

Bus 

no. 

Without Constraint (By PSO) With Constraint 

By proposed iterative 

approach 

By PSO 

 Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

No. of  

HLF 

reqd. 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

6 2409 104.5827 5.8645 2101 105.9474   4.9995 21 2101 105.9474   4.9995 

7 2281  105.4532   8.2644 1488 115.7386   4.9981 26 1488 115.7386   4.9981 

8 1953 109.6822  7.7735 1347 117.3346 4.9997 26 1347 117.3346 4.9997 

9 1619 115.6814 8.5750 1032 125.4375   4.9939 27 1033 125.0019 4.9989 

10 1402 119.3097  9.2732 841 130.7052   4.9937 25 841 130.7052   4.9937 
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11 1375 119.9341 9.2359 828 130.9617   4.9945 21 829 130.423   4.9989 

12 1313 121.2299 9.0796 803 131.6298   4.9943 30 803 131.6298   4.9943 

13 1131 125.8596 10.1975 631 138.3818   4.9937 29 632 138.1103  4.9990 

14 1072 127.4696  11.1225 558 141.9798   4.9953 24 558 141.9798   4.9953 

15 1014 129.8604  11.5057 514 144.6482   4.9950 33 514 144.6482   4.9950 

16 949 132.9448  11.6992 475 147.3392   4.9928  33 477 146.9814   4.9995   

17 846 138.2577  13.2653 
No solution is obtained within the range of DG size considered 

18 795 141.1026  13.2933 

26 2280 106.2704 5.9627 1960 107.8782   4.9975  26 1960 107.8782   4.9975   

27 2127 108.4085  6.1041 1793 110.3533   4.9998   27 1793 110.3533   4.9998   

28 1725 113.3460  7.9822 1154 121.7332   4.9989  18 1154 121.7332   4.9989   

29 1537 115.2980  9.1749 910 127.6726   4.9982  24 910 127.6726   4.9982   

30 1435 116.9658  9.2441 843 129.4185   4.9978   30 843 129.4185   4.9978   

31 1259 122.3639  10.4209 669 137.3578   4.9999  31 669 137.3578   4.9999  

32 1207 124.4824  10.84199 620 140.1900  4.9999 25 620 140.1901 4.9999 

33 1148 127.8420 11.5497 557 144.5629   4.9986   30 557 144.5629   4.9986   

 

TABLE III(C): OPTIMUM DG SIZES FOR IEEE-33 BUS NETWORK UNDER LOADING CONDITION L3 

Bus  

no. 

Without Constraint (By PSO) With Constraint 

By proposed iterative approach By PSO 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

No. of  

HLF reqd. 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

6 2373 106.7161 7.3670 1574 116.0666 4.9976 20 1574 116.0666 4.9976 

7 2247 107.5475 10.0667 1076 130.1442 4.9978 29 1076 130.1442 4.9978 

8 1915 111.6440 9.5743 962 131.2345 4.9967 30 962 131.2345 4.9967 

9 1594 117.4489 10.5768 719 139.4795 4.9994 30 719 139.4795 4.9994 

10 1382 120.9574 11.4260 572 144.9516 4.9937 24 573 144.4652 4.9970 

11 1348 121.5623 11.3391 562 145.1475 4.9938 27 562 145.1475 4.9938 

12 1294 122.8170 11.2514 543 145.6674 4.9934 29 544 145.2147 4.99873 

13 1109 127.2962 12.4630 416 152.2082 4.9894 33 418 151.7686 4.9996 

14 1056 128.8524 13.5220 No solution is obtained within the range of DG size considered 

15 999 131.1680 13.9470  

16 933 134.1569 14.1451 

 

17 831 139.3029 15.7552 

18 784 142.0610 15.8546 

26 2242 108.3491 7.4539 1468 118.0414 4.9978 29 1468 118.041408 4.9978 

27 2086 110.4180 7.6088 1335 120.7577 4.9966 29 1335 120.757653 4.9966 

28 1700 115.1906 9.7339 837 134.5301 4.9969 15 837 134.530085 4.9969 

29 1507 117.0742 10.9901 651 140.8690 4.9945 30 652 140.54693 4.9978 

30 1415 118.6867 11.1340 602. 142.3729 4.9977 32 602. 142.372908 4.9977 

31 1243 123.9081 12.4361 470 149.7735 4.9975 31 470 149.773461 4.9975 

32 1189 125.9587 12.8557 434 152.2483 4.9954 30 434 152.248339 4.9954 

33 1131 129.2125 13.5618 No solution is obtained within the range of DG size considered 

 

TABLE IV(A): OPTIMUM DG SIZES FOR IEEE-69 BUS NETWORK UNDER LOADING CONDITION L1 

 Bus  

no. 

Without Constraint (By PSO) 
With Constraint 

By proposed iterative approach By PSO 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

No. of  

HLF reqd. 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

6 2852 193.8726 1.2325 2852 193.8726 1.2325 19 2852 193.8726 1.2325 

8 2781 169.4420 2.5252 2781 169.4420 2.52525 22 2781 169.4420 2.5252 

10 1809 176.3554 2.6958 1809 176.3554 2.6958 24 1809 176.3554 2.6958 

12 1382 180.6105 2.8806 1382 180.6105 2.8806 16 1382 180.6105 2.8806 

14 923 187.6570 3.1842 923 187.6570 3.1842 25 923 187.6570 3.1842 

16 794 189.2072 3.4022 794 189.2072 3.4022 24 794 189.2072 3.4022 

18 707 190.7073 3.2015 707 190.7073 3.2015 20 707 190.7073 3.2015 

20 668 191.6074 3.2610 668 191.6074 3.2610 29 668 191.6074 3.2610 

22 646 192.1452 3.3067 646 192.1452 3.3067 22 646 192.1452 3.3067 

24 612 193.2739 3.3379 612 193.2739 3.3379 27 612 193.2739 3.3379 

26 548 195.4557 3.3719 548 195.4557 3.3719 29 548 195.4557 3.3719 

53 2609 164.0936   2.9518  2609 164.0936   2.9518   20 2609 164.0936   2.9518  

55  2339 154.9131 3.7874     2339 154.9131 3.7874   13  2339 154.9131 3.7874   

57 1934 120.4056 5.7576 1685 121.8596 4.9978 28 1685 121.8596 4.9978 

59 1822 101.3197 6.7866 1352 108.2864 4.9977 28 1352 108.2864 4.9977 

61 1740 88.2164 7.8247 1125   102.7478  4.9963   20 1125   102.7478   4.9963  

63 1680 91.605 7.9776 1066   106.7626   4.9961   17 1066   106.7626   4.9961   

65 1334 114.2822 8.7725 772   130.8202   4.9993   32 772   130.8202   4.9993   

67 1545   180.6032   2.6792   1545   180.6032  2.6792   19 1545   180.6032   2.6792   

69 1096   187.5292  2.8139   1096   187.5292  2.8139   25 1096   187.5292  2.8139   

 

TABLE IV(B): OPTIMUM DG SIZES FOR IEEE-69 BUS NETWORK UNDER LOADING CONDITION L2 

  Bus 

 no. 

Without Constraint (By PSO) 
With Constraint 

By proposed iterative approach By PSO 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

z(%) 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

No. of  

HLF reqd. 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

6 2881 194.0517 1.721675  2881  194.0517  1.7217   21 2881   194.0517  1.7217 

8 2809   169.1438  2.2423 2809   169.1438   2.2423 20 2809   169.1438   2.2423 

10 1826   176.1526  2.3338   1826   176.1526   2.3338  22 1826   176.1526   2.3338   

12 1396   180.4709  2.4655  1396   180.4709  2.4655 18 1396   180.4709   2.4655  
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14 932   187.6652   2.7041   932   187.6653   2.7041  25 932   187.6653   2.7041   

16 802   189.2491   2.8861   802   189.2491   2.8861   22 802   189.2491   2.8861   

18 715   190.7828   2.6762   715   190.7828   2.6762  18 715   190.7828   2.6762   

20 677   191.7041   2.7372   677   191.7041   2.7372  26 677   191.7041   2.7372   

22 653   192.2547   2.7690   653   192.2547   2.7690  24 653   192.2547   2.7690   

24 618   193.4060   2.7936   618   193.4060   2.7936   29 618   193.4060   2.7936   

26 554   195.6332   2.8283  554   195.63326   2.8283   21 554   195.6332   2.8283   

53 2636 163.7087 2.6256 2636 163.7087 2.6256 18 2636 163.7087 2.6256 

55 2362 154.3933 3.3779 2362 154.3933 3.3778 13 2362 154.3933 3.3778 

57 1953  119.3647 5.1329 1908 119.4071 4.9979 26 1908 119.4071 4.9979 

59 1835 99.9924 6.0323 1558 102.4282 4.9993 27 1558 102.4282 4.9993 

61 1754 86.7120 6.9749 1313 94.0984 4.9958 30 1313 94.0984 4.9958 

63 1692 90.1588 7.1155 1245 98.1598 4.9977 16 1245 98.1598 4.9977 

65 1347 113.2044  7.9039 903 123.3154 4.9994 25 903 123.3154 4.9994 

67 1560 180.4811 2.3025 1560 180.4811 2.3025 21 1560 180.4811 2.3025 

69 1108 187.5333 2.3944 1108 187.5333 2.3944 25 1108 187.5333 2.3944 

 
TABLE IV(C): OPTIMUM DG SIZES FOR IEEE-69 BUS NETWORK UNDER LOADING CONDITION L3 

  Bus 

no. 

Without Constraint (By PSO) 
With Constraint 

By proposed iterative approach By PSO 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

z(%) 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

No. of  

HLF reqd. 

Size  

(kW) 

PLOSS  

(kW) 

THDVM  

(%) 

6 2837 193.9901 1.4401 2837 193.9901 1.4401 18 2837 193.9901 1.4401 

8 2757 169.8620 2.9071 2757 169.8620 2.9071 21 2757 169.8620 2.9071 

10 1799 176.6575 2.9796 1799 176.6575 2.9796 23 1799 176.6575 2.9796 

12 1376 180.8416 3.1754 1376 180.8416 3.1754 15 1376 180.8416 3.1754 

14 915 187.8085 3.4849 915 187.8085 3.4849 27 915 187.8085 3.4849 

16 790 189.3416 3.7233 790 189.3416 3.7233 25 790 189.3416 3.7233 

18 704 190.8267 3.5298 704 190.8267 3.5298 27 704 190.8267 3.5298 

20 665 191.7187 3.5922 665 191.7187 3.5922 27 665 191.7187 3.5922 

22 643 192.2517 3.6381 643 192.2517 3.6381 21 643 192.2517 3.6381 

24 609 193.3668 3.6683 609 193.3668 3.6683 26 609 193.3668 3.6683 

26 545 195.5225 3.7005 545 195.5225    3.7004   28 545 195.5225 3.7005 

53 2594 164.5909 3.4007 2594 164.5909 3.4007 21 2594 164.5909 3.4007 

55 2326 155.5516 4.3459 2326 155.5516 4.3459 14 2326 155.5516 4.3459 

57 1921 121.5426 6.4798 1451 126.7719 4.9983 29 1451 126.7719 4.9983 

59 1809 102.7211  7.5430 1153 116.4710 4.9978 30 1153 116.4710 4.9978 

61 1727 89.8117 8.6122 948 113.4924 4.9977 18 948 113.4924 4.9977 

63 1669 93.1577 8.7754 897 117.3838 4.9953 21 897 117.3838 4.9953 

65 1325 115.5293 9.5696 648 139.7973 4.9960 34 648 139.7973 4.9960 

67 1537 180.8509 2.9219 1537 180.8509 2.9219 18 1537 180.8509 2.9219 

69 1090 187.6815 3.0692 1090 187.6815 3.0692 24 1090 187.6815 3.0692 

 

For the lateral, the unconstrained optimum size 
 
 results in 

violation of the constraint for bus 57 to bus 65. In this case 

also, the results of the proposed method corroborate with 

those obtained from PSO. The results under loading 

condition L2 and L3 for IEEE-69 bus system are given in 

Table IV (B) and Table IV(C) respectively. The results 

shown in these Tables are now self-explanatory. From Table 

IV (A), Table IV (B) and Table IV(C) it can be seen that the 

maximum number of HLF required for this network is 34, 

whereas, minimum number of iterations required by PSO has 

been found to be 93 for bus 65 under loading condition L3. It 

means minimum number of HLF required by PSO in this 

problem is (93x10)=930. Thus, the results portrayed in Table 

III(A) to Table IV(C) present sufficient evidence that the 

number of HLF, and hence, the computation required by the 

suggested method is significantly less than that required by 

PSO. The reduction in power loss due to the resulting DG 

sizes is also clear from the Tables. 

It is to be noted that the computational steps mentioned in 

section IV, in general, do not yield the DG sizes in integral 

values. To obtain the sizes in integral values, two additional 

HLF are to be executed for the nearest integral sizes on the 

two sides, lower and higher, of the size produced by the 

above computational steps. Among these two sizes, the one 

that results in lower loss with 
VMTHD remaining within limit, 

is chosen as the desired size. The number of HLF, shown for 

each bus in table III (A) to Table IV(C), has been counted 

including the two additional HLF. It may be further noted that, 

in reality, DGs are available in some standard sizes only. To 

obtain the desired standard size, the nearest standard sizes on 

the lower and higher side are to be considered instead of the 

nearest integral sizes. Between those two standard sizes, the 

one that produces lower amount of loss with 
VMTHD  

remaining within limit should be selected. 

 

VI. CONCLUSION 

This paper proposes a computationally efficient hybrid 

method for calculating the optimal size of inverter-based DG 

source placed at any selected location in a radial distribution 

network to minimize the network power loss in presence of 

limit on permissible harmonic distortion in bus voltages. The 

test results on IEEE-33 bus network and IEEE-69 bus 

network demonstrate the efficacy of the proposed 

methodology and show that the suggested approach can 

furnish the desired solution with significantly less 

computation compared to that required by PSO which is one 

of the most popular, efficient and widely used evolutionary 

computation based method. The suggested method can prove 

to be a very effective alternative to the evolutionary 

population based methods whenever any utility requires to 

find the optimal location and size for installation of an 

inverter-based DG unit in its distribution network. For such 

siting and sizing problem, the proposed algorithm is required 
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to be repeated for all the potential candidate buses. Once the 

optimal DG sizes for all candidate buses are calculated, the 

optimal location and size for minimum network power loss is 

readily available from the list that can be prepared from the 

solutions for those buses. In that case, the total number of 

HLF required will be the summation of that required for each 

of those buses. However, the total number of HLF 

calculations required by PSO, in such cases, will also 

increase proportionally with the number of candidate buses. 

So, it is needless to mention that the amount of computation 

required by the proposed method will be significantly less 

than that required by PSO.  

The method developed here is applicable for problems 

related to single DG placement. However, further study is 

required to extend the method for addressing the problem of 

simultaneous placement of multiple DGs. Investigation in 

that direction is being carried out by the present authors.  

APPENDIX 

A. Appendix – A 

1) Determination of   and u uS THD  

Determination of these quantities will be necessary when 

any one from rule 1, rule 2, rule 4 and rule 6 is fired. The 

solution is achieved in two stages. In stage 1, the iterative 

method proposed in [24] is used for determination of an 

approximate estimate of
uS .  The iterative steps required are 

briefly produced below: 
( ) ( )

( 1)

2

r old
r u u

u

S S
S + +

=  

where 0,1,2,r =  is the iteration number, 

for  0r = , ( ) ( )  if  old r

u Min u uS S S S=   

( )  if   = r

Max u uS S S , 

( )   

2

r Min Max
u

S S
S

+
=  

and, for  0r  , ( ) ( 1)old r

u uS S −=  
( ) ( 1) if   and r r

u uS S −

 
are on the 

two sides of 
uS while ( )old

uS  remains unchanged when 

( ) ( 1) and r r

u uS S −  are on the same side of 
uS  

The convergence criteria used is as follows:  

If  ( )1++ −
 

r

Loss Loss LossP P P
 
, then  ( )1r

u uS S
+

  

If  ( )1++ −
 

r

Loss Loss LossP P P , then  ( )1+


r

u uS S  

If  ( )1++ −
 

r

Loss Loss LossP P P , then  ( )1r

u uS S
+  

 

where,  and + −

Loss LossP P
 
are the losses obtained for DG size

 
 and S S+ −

 
respectively, ( )1+r

LossP  is the loss calculated with DG 

size ( )1r

uS
+ , 

 

( )1+ +
= + 

r

uS S S , ( )1− +
= − 

r

uS S S , ( )1

10.01
r

uS p S
+

 =  , 

0,1,2,r =  
and 

1p is the perturbation factor. The 

perturbation factor used in this stage is 5% ( )1 5p = . As a 

result, the estimate of 
uS obtained is approximately within 

2.5%  of its actual value. Let it be called
approxS .It is to be 

noted that at the start of iteration (i.e., r=0), the above 

convergence criteria is required to be applied once on ( )r

uS , to 

check whether ( ) r

u u
S S  or ( ) r

u u
S S  or ( ) =r

u u
S S . If ( ) =r

u u
S S , 

no further iteration will be required. For a more accurate 

solution for
uS , a second stage (stage 2) of iteration is 

suggested in this paper. In stage 2, the iteration starts with 

approxS  as the initial guess ( )0
S  of

uS . The perturbation factor 

( )2p used in this stage is 0.5% ( )2 0.5p = . Thus 
uS  

obtained from this stage is approximately within 0.25%  

of its actual value. The iterative steps are as follows:  

1. Set iteration count 0=r ,  
( )

=
r

approxS S
 
and

2 0.5.=p  

2. Apply the convergence criteria of stage 1 on ( )r
S  with 

( )
20.01 . = 

r
S p S  

3. If ( )r

uS S set ( )r
S S+= , 1m =  and go to step 5, else 

go to next step. 

4. If ( )r

uS S set ( )r
S S−= , 1= −m  and go to next step, 

else go to step 9. 

5. Set iteration count 0=r ,  
( )

=
r

approxS S
 
and

2 0.5.=p  

6. Apply the convergence criteria of stage 1 on ( )r
S  

with ( )
20.01 . = 

r
S p S  

7. If ( )r

uS S set ( )r
S S+= , 1m =  and go to step 5, else 

go to next step. 

8. If ( )r

uS S set ( )r
S S−= , 1= −m  and go to next step, 

else go to step 9. 

9. Set  ( ) ( )
=

old r
S S . 

10.  1= +r r . 

11.  ( ) ( )r old
S S m S= +  . 

12.  If ( ) ( )1−


r r

Loss LossP P , go to step 5, else go to step 10. 

13.  Set ( ) ( )
=

old r
S S . 

14.  Set ( )
=

old

uS S . 

15.  Print and/or display 
uS . 

16.  End 

In the above iterative steps,
 

( )r
S S S+ = +   and 

( )r
S S S− = +  . ( ) ( )1

 and  
r r

Loss LossP P
−  are losses for DG size 

( ) ( )1
 and 

−r r
S S respectively. 

uTHD  is obtained from the HLF 

results for the size 
uS . 

B. Appendix – B 

1) Determination  of  mTHD  

It is important to note that 

1. Determination of  mTHD is not necessary when anyone 

from rules (1) to (5) is fired. The necessary comparison 

of 
MinTHD with  mTHD required for rule 3 can be achieved 

by comparing 
MinTHD with +

VMTHD , where, +

VMTHD is the 

value of 
VMTHD  for DG size  +

MinS , and  + = +Min MinS S (a small 

positive perturbation in DG size). 

If  ,+ VM MinTHD THD then m MinTHD THD  i.e.,  

m LTHD THD , whereas, = =m Min LTHD THD THD  if 

 + VM MinTHD THD . Similarly the comparison 

between  MaxTHD  and  mTHD  required for rule 5 can be 

done by comparing  MaxTHD with  −

VMTHD , where, 

 −

VMTHD  is the value of 
VMTHD for DG size  −

MaxS , and 

 − = +Max MaxS S (a small negative perturbation in DG size). 
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If − VM MaxTHD THD , m MaxTHD THD  i.e., m LTHD THD , 

whereas, = =m Max LTHD THD THD  if  − VM MaxTHD THD . 

2. Determination of  mTHD  is required if rule 6 is fired. 

However, if m LTHD THD  then final determination of 

 mTHD  may not be necessary. In this case, if the value of 

VMTHD obtained at any step in the process of finding 

 mTHD  is found to be less than
LTHD , it is then ensured 

that m LTHD THD , and the process is then stopped. 

3. Determination of  mTHD  requires 
mS to be determined. 

The nature of a THD curve has a similarity with that of a 

loss curve in the sense that both initially decreases with 

increase in DG size, and, after attaining a minimum, goes 

on increasing monotonically. Due to this similarity, 

mS can be determined in the same manner as 
uS

 
is done, 

and hence, the same iterative scheme can be used with 

uS
 
replaced by

mS  and
LossP  replaced by

VMTHD .
 

 mTHD  
is obtained as a byproduct of this process without 

requiring any additional calculations. 

C. Appendix – C 

1) Determination of 
1 2 and L LS S  

Determination of 
1LS  is necessary if rule 4 is fired 

whereas 
2LS will have to be determined when rule 2 is fired. 

Both 
1 2 and L LS S  will be required if rule 6 is fired provided 

it is identified that m LTHD THD  . An iterative method is 

suggested that requires only a few HLF to find out
1LS . The 

method is explained with the help of Fig. C (a), where the 

first estimate (1)

1LS  
is obtained as the size corresponding to 

the point of intersection between the 
LTHD  line and the line         

joining ( , )Min MinS THD  and ( , 0)MaxS using simple geometry 

as follows: 
(1)

1−
=

−

Max LL

Min Max Min

S STHD

THD S S
                         (C.1) 

(1)

1 ( )= − −L
L Max Max Min

Min

THD
S S S S

THD
                (C.2) 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. C. Demonstration of the iterative method for determination of SL1. 

(a) Case I :when 
(1)

1 21L LLS S S  ; (b) Case II :when 
(1)

1 21L LLS S S  ; 

(c) Case III: when 
(1)

1 21L LLS S S  . 

 
(1) ,LTHD the actual value of 

VMTHD on the THD curve at 

the size (1)

1 ,LS is then obtained from HLF. A second estimate 

(2)

1LS  is then obtained after joining the points ( , )Min MinS THD  

and (1) (1)

1( , )L LS THD , and applying the same geometric 

approach as follows: 

       
(1)

(2) (1) (1)

1 1 1(1)
( )

−
= − −

−

L L
L L L Min

Min L

THD THD
S S S S

THD THD
         (C.3) 

(2)

LTHD  corresponding to (2)

1LS  is obtained from HLF. 

The iterative process continues with the iterative steps given 

by equation (C.4) until the estimated value of 
1LS  

converges 

with the actual value as shown in Fig. C. 

              
( )

( 1) ( ) ( )

1 1 1( )
( )+ −

= − −
−

r
r r rL L

L L L Minr

Min L

THD THD
S S S S

THD THD
               (C.4) 

where, 0,1,2,r = . r is the number of iteration. For r=0, 
( ) ( )

1 ,  =0r r

L Max LS S THD= . 

The convergence criterion is as follows:
  

( 1)+ − r

L LTHD THD   
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where  is  the tolerance 

It is to be noted that as the actual size 
1LS is not known, the 

convergence is checked by the magnitude of the error 

between the values of 
VMTHD obtained for the estimated size 

and the actual value of
LTHD . In the curve shown in Fig. C(a), 

(1)

1 1 2 , L L LS S S but there may be other situations where 

(1)

1 1 2 L L LS S S  (shown in Fig. C(b)) 

or (1)

1 1 2 L L LS S S (shown in Fig. C(c)).   In addition to these 

differences, each of the three situations has its distinguishing 

feature. In the first situation, (2)

1LS  is always less than (1)

1LS , 

whereas, in the second and third cases, (2)

1LS  is always 

greater than (1)

1LS . However, in the second case, (2)

LTHD is 

always less than (1)

LTHD , but, (2)

LTHD is always greater than 

(1)

LTHD in the third situation. These features ensure an early 

detection (after second iteration only) of this difference 

between the two situations which is essential for proceeding 

with iterations. A minute observation of the figures, Fig. C(a), 

Fig. C(b) and Fig. C(c), can reveal that, in the first and second 

situations, the iteration will always lead to convergence, but, 

in the third case it will diverge. In fact, in the third case, 
( 1) ( )

1 1

+ r r

L LS S  for all 0r . Once this diverging situation is 

detected after second iteration, the iterative process is 

repeatedly restarted with 
MaxS n replaced by ( 1)+MaxS n ; 

1,2,n = as the value of ( )

1

r

LS  for r=0, until diverging 

condition is avoided. 

The same iterative approach is also used to determine 
2LS  

with the first estimate (1)

2LS  
obtained as the size corresponding 

to the point of intersection between the 
LTHD  line and the line 

joining ( , )Max MaxS THD and ( , 0)MinS . The final value of
2LS  is 

obtained in the same manner as
1LS  is obtained. In this case  

the three different situations are given by (1)

1 2 2 , L L LS S S  

(1)

1 2 2 , L L LS S S  and (1)

1 2 2. L L LS S S  the third situation is a 

diverging one, and the iteration is required to be restarted 

repeatedly till diverging condition persists 

D. Appendix – D 

1) Harmonic data 
TABLE D1: NON-LINEAR LOAD DATA (IN % OF NOMINAL BUS LOADING) 

Loading condition For IEEE-33 bus For IEEE-69 bus 

 

L1 Bus No. % non-linearity 

6 10 

8 15 

11 10 

14 10 

20 12 

24 20 

28 15 

30 10 
 

Bus No. % non-linearity 

8 12 

11 10 

17 10 

21 15 

49 20 

55 10 

61 10 

64 15 
 

L2 10% non-linearity at all the buses 10% non-linearity at all the  buses 

L3 No non-linear load present No non-linear load present 

         

Nominal bus loadings are available in references [16] for 

IEEE-33 bus network and [17] for IEEE-69 bus network. 

Combination of six-pulse converter, twelve-pulse converter, 

arc furnace and fluorescent lamp has been used as nonlinear 

loads in this study. The harmonic spectrum of these harmonic 

loads, used for modelling them, are available in [23-25] and 

have been reproduced here in Table D2 for ready reference 

 

TABLE D2: CURRENT HARMONIC SPECTRUM OF DIFFERENT TYPES OF LOAD 

Harmonic order current Magnitude in % of fundamental current 

6-pulse Inverter 

 

12-pulse Inverter 

 

ASD 

 

Fluorescent 

lamp 

 

1 100 100 100 100 

3 0 0 0 19.2 

5 19.41 1.8 18.24 10.7 

7 13.09 1.6 11.9 2.1 

9 0 0 0 1.4 

11 7.58 6.6 5.73 0.9 

13 5.86 5.4 4.01 0.6 

15 0 0 0 0.5 

17 3.79 0.33 1.93 0 
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19 3.29 0.3 1.39 0 

23 2.26 1.5 0.94 0 

25 2.41 1.3 0.86 0 

29 1.93 0.25 0.71 0 

31 0 0 0.62 0 

35 0 0.2 0.44 0 

37 0 0.8 0.38 0 

41 0 0.4 0 0 
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