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6

Abstract7

This paper presents a novel distribution power flow algorithm to estimate losses and analyze8

unbalanced distribution systems. An unbalanced distribution network is decomposed into9

clusters. The unbalanced laterals are solved using the backward/forward sweep method in each10

phase. The clustering of total network makes faster computation. The three phase modeling11

of all the distribution transformers, feeders, shunt capacitors and loads compile efficient12

algorithm. Load modeling is voltage dependent which makes up the load as voltage sensitive.13

The proposed method is tested on the IEEE 13 Node test system and the results are verified.14

15

Index terms— clustering, load flow, backward/forward sweep, radial distribution system, distribution system16
modeling, voltage sensitive components17

1 Introduction18

ower flow analysis is essential for power system planning and operation. With the use of digital computing since19
1960 and its rapid development, various power flow algorithms based on modern computing methods have been20
introduced. Certain applications, particularly in distribution automation and optimization require repeated load21
flow solutions. The load flow algorithm is used to determine the voltages and line flows for a large-scale power22
system from a given load and generation data. Conventionally, most of the distribution systems are radial or23
weakly meshed types. The power flow analysis in such distribution systems becomes more complex because of24
different characteristic features of distribution networks, such as radial structure and high R/X ratio [1]. Hence25
distribution system load flow analysis differs significantly from transmission systems. The single-phase power26
flow methods are normally used in the systems by neglecting unbalance in the system.27

In distribution systems, the three-phase balanced statement cannot be practical. Therefore, a three-phase28
load flow algorithm with complete three-phase modeling is required. The radial distribution structure is also29
exploited in developing a fast and flexible radial power flow for unbalanced three-phase networks [2]. Several30
load flow algorithms specially designed for distribution systems have been proposed in the literature [3]- [10].31
Those formulations can be divided into two categories. The first category was based on the distribution system32
general topology and uses the bus voltages as state variables to solve the load flow problem [3]. In this type, the33
most timeconsuming load flow method is the Gauss implicit Y-Bus method [4], [5]. A fast decoupled load flow34
algorithm based on Newton Raphson, using rectangular voltage state variables is proposed which improves the35
execution time of the three-phase load flow [5]. The second category was based on the special network structures36
of distribution systems [6]- [8]. A compensation-based technique for weakly meshed distribution networks has37
been proposed [6]. By emphasizing on modeling of dispersed generation (PV nodes), unbalanced and distributed38
loads, and voltage regulators an algorithm was proposed [7]. Large weakly mesh connected distribution networks39
are solved by using an efficient tree-labeling technique which enhances computational efficiency as in [8]. The40
radial parts are solved by a two-step procedure in which the branch currents are first calculated (backward sweep)41
and then, the bus voltages are updated (forward sweep). Branch power flows rather than branch currents were42
later used in the improved version [9]. In recent times probabilistic load flows were also proposed considering43
distributed generation to obtain load flow variations with DG variation through backward forward sweep [10]. A44
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6 B. CONSTANT IMPEDANCE LOAD

decoupled method in which each phase is modeled in a decoupled way and therefore can be solved independently45
and the solution method is based on the Zbus Gauss approach, with implicit factorization of the Ybus matrix46
for each phase [11].47

The algorithm proposed in this paper is basically a backward and forward sweep method. The approach used48
is based on clustering the total network which makes faster computation and also gives accurate results as it49
considers the three phase models of all the transformers, feeders, shunt capacitors and loads.50

2 II.51

3 Distribution System Modeling a) Distribution line modeling52

The feeder line modeling and the line parameters can be obtained by the method developed by Carson and Lewis53
[12].54

Figure ?? : Three phase transmission line model Fig. ?? shows a three-phase line section between bus ’n’and55
’m’. A 4 x 4 matrix, which takes into account the self and mutual coupling effects, can be expressed as (1)56
Applying Kron’s reduction [12], the matrix dimension will reduce to 3 x 3, whereas the effects of the neutral57
or ground wire are still included in this model, as shown below in (2) For any phase failed to present, the58
corresponding row and column in this matrix will contain null-entries. The relationships between bus voltages59
and branch currents as shown in Fig. ?? can be expressed as (3) (1) I nm abc is the current vector through line60
between bus ’n’ and ’m’, can be equal to, the sum of the load currents of all the buses beyond line between bus61
’n’ and ’m’ plus the sum of the charging currents of all the buses beyond line between bus ’n’ and ’m’, of each62
phase. Therefore, voltage of bus ’m’ can be computed if bus ’n’ voltage is known, as shown in (4). Year ? ? ? ?63
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?64
? n nmZ Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z V V V V V V V V ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? n cc65
nm n cb nm n ca nm n bc nm n bb nm n ba nm n ac nm n ab nm n aa nm abc nm br Z Z Z Z Z Z Z Z Z Z , ?66
? ? ? ? ? abc nm br abc nm br abc nm br I Z V , , , ? ? (4) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?67
? ? ? ? ? ? ? ? ? ? ? c ij I b ij I a ij I abc ij br Z c i V b i V a i V c j V b j V a j V , ? ? ? ? ? ? ? ? ? ? ? 1 068
0 0 1 0 0 1 1 t I y Y (7) (2) (3)69

Where, y t is the transformer leakage admittance. It is disclose to say that Y II and Y III are the singular70
matrix and this is valid if tap ratio is 1 on both sides of transformer else the coefficient of the matrix will as71
follows Where ’?’ and ’?’ are the primary and secondary side tap ratios.72

The nodal admittance matrices for nine common connections of three-phase transformers were presented in73
??19] and tabulated in Table 1.74

The nodal admittance matrix model for a three phase distribution transformer can be represented by (10)75
Where, The load model equations from [7] are used and the proportions of the loads are given in a arbitrary way76
for solving the system. Loading of the system is done with the standard loadings but in the ratio load equations77
considered i.e., the load equations are assumed instead of total assumption of the single load. For example, if78
the load at a node is 100 KW then 46% (46 KW) of the load is assumed as consumed by refrigerator loads, 22%79
(22 KW) by fans and air conditioned loads, 18% (18 KW) by the incandescent lights, 8% (8 KW) by dryer loads80
and 6% (6 KW) by heaters.Ip? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 2 1 1 1 2 1 1 1 2 3 t II y Y ? ? ? ? ? ? ? ? ? ?81
? ? ? ? 1 0 1 1 1 0 0 1 1 3 t III y Y YI = 2 ? t y ; YII = 2 3? t y ; YIII = 3 ?? t y ? ? ? ? ? ? ? ? ? ? ? ? ? ?82
? ? ? ? ? s p ss sp ps pp s p V V Y Y Y Y I I83

4 i. Wye Connected Loads84

The notation for the specified complex powers and voltages are as follows:(8)(9)85
A method for accommodating load compositions may vary by hour, day, season, etc. based on the usage.86

A pictorial representation showing percentages of the total load is used and is termed as a ”load window” as87
illustrated in Fig. 3.88

5 (11)89

Where, i-represents a, b and c Phases.90
a. Constant Power Load91
The line currents for constant real and reactive power loads (PQ loads) are given by: (12) Here, line-to-neutral92

voltages will change during each iteration until convergence is achieved.93

6 b. Constant Impedance Load94

The constant impedance load is first determined from the specified complex power and assumed line-to-neutral95
voltages: (13) The load currents as a function of the constant load impedances are given by: (14) In this model96
the line-to-neutral voltages will change during each iteration, but the impedance computed in the equation will97
remain constant.98
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7 c. Constant Current Load99

In this model the magnitudes of the currents are computed according to Constant power equations and are then100
held constant while the angle of the voltage (?) changes, resulting in a changing angle on the current so that the101
power factor of the load remains constant: (15) ii. Delta Connected Loads As similar to wye connected loads102
delta can also expressed as (16) n=0, for constant power loads n=1, for constant current loads n=2, for constant103
impedance loads104

8 III. Solution Methodology105

The solution procedure starts using a clustering technique applied to a radial distribution system as shown in106
figure 4. The basic rules followed for cluster formation are: ? There should be no further bifurcation in the107
cluster.108

? The cluster will start from a branch but not from the node (except first cluster). ? The cluster will have109
only one parent node and one terminal node.110

The clusters are solved by following different notations as shown in Table 2. After the clusters are formed111
currents are determined in the backward direction i.e., the evaluation starts from the last cluster. Each cluster is112
passed to the backward sweep function and then the current through each branch is determined. Then the last113
cluster i.e., here 9 th cluster is passed through the backward sweep it checks whether the terminal node of the114
cluster is end node or not, if it is the end node then it is taken as the current that flowing out of the node is zero115
and the current at that nodes is calculated by using the equations given above for respective load type. If there116
is no transformer in the branch, the branch current is determined by using equation (17).117

9 XIII Issue IX Version I118

10 ( )119

Year i in i i i i V and jQ P S i Phase ? ? ? ? ? ? ? ? c c c c cn c cn c c b b b b bn b bn b b a a a a an a an a a120
IL V S V S IL IL V S V S IL IL V S V S IL ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?121
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ) ( ) (S V S V Z Z S V S V Z Z S V S V Z ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?122
? ? ? ? ? ?V Z V IL IL Z V Z V IL IL Z V Z V IL ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ) ( )123
( ) ( c c c c b b b b a a a a IL IL IL IL IL IL ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?124
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?125
? ? ? ? ? ? ? ? ? ? ? ? ? n bc q bc q bc q n ca q ca q ca q n ab q ab q ab q n bc q bc q bc q n ca q ca q ca q126
n ab q ab q ab q c q b q a q V V SL V V SL V V SL V V SL V V SL V V127

11 Where i = cluster number; k = node number128

If the terminal node is not the end node then the current through that cluster terminal branch is given by129
equation (18). (18) Else, if there is a transformer then the core power loss of the transformer is added as the130
load to node that connected to secondary of the transformer and node current is determined. The intermediate131
primary voltages V p,m are only to calculate the power injections on the primary side. These are the primary132
voltages calculated in backward sweeps, which can be found by V V V V ? ? ? 0 , , , ? ? ? c m p b m p a m p133
V V V ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 0 ) 2 1 ( , ) 2 1 ( , ) 2 1 ( , , p p p c m p b m p a134
m p m p V V V V V V V135

The power injections on the primary side can be calculated by ??25) Where, (136
Then the primary side current injection is calculated as Where x, y are the branches that connect the terminal137

node of the cluster.Vp,m=[Yps] -1 [Iss] [Iss]=[Is]-[Yss]*[Vs] ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?138
? ? ? ? ? ? ? ?139

While calculating the branch currents, the proposed software checks the node numbers with the nodes stored140
in the array. If there is no transformer in the before branch then the voltages at the nodes are given by equation141
(30) if the node is not the start node of the cluster.142

(30) VN abc (i,k)=VN abc (i,k-1)+IB abc (i,k-1)*Z abc-n (i,k-1)143
If the node is the start node then the voltage is given by equation ( ??1 (i,k)=VN abc (i-1,k-1)+IB abc144

(i,k-1)*Z abc-n (i,k-1) ? ? p pp p ps s V Y I Y V ? ? ?1 ? ? 3 , , , 0 c m s b m s a m s s V V V V ? ? ? VN abc145
(i, k)=Vs abc LP abc (i, k) = [IB 2 ] abc (i, k) *R abc-n (i, k Lq abc (i,k)=[ IB 2 ] abc (i, k) *X abc-n146

Clustering Based Load flow for Three Phase Unbalanced Distribution System with Voltage Sensitive147
Component Models148

If Y ps is singular then we have to follow the similar approach that stated for V p,m calculation by which we149
get sum of positive and negative sequence values, for the zero sequence we use following expression.150

Step 1 : Active and Reactive loads at each node are to be given in the proportions of the load models, based151
on the load window in the chronological order.152

Step 2 : Branch impedance values for each branch along with its starting and ending nodes is to be given in153
the chronological order.154

Step 3 : Cluster the branches to implement backward forward sweep methodology155

3



12 FLOW CHART

Step 4 : Based on the number of times a particular node repeats itself as starting node, the number of clusters156
emanating from that particular node is obtained.157

Step 5 : After detection of parent node by traversing through sending end node, final node of cluster is obtained158
at the end of chronological order.159

Step 6 : By implementing similar steps to the entire system all cluster sets formed are arranged as an array160
of structures for better computational ability.161

Step 7 : Each structure element tracks the requisite data to calculate voltage and current profiles of the162
constituents of a cluster.163

Step 8 : Based on the cluster order, backward sweep is executed which involves calculation of branch currents164
from voltage profile of previous iteration or initial conditions.165

Step 9 : Forward sweep is executed in the forward direction which updates the voltages and the loads based166
on the deviation of voltage as per load models167

Step 10 : Repeat the process until the system is converged.168
V.169

12 Flow Chart170

The proposed method is applied to an IEEE-13 Bus unbalanced Radial Distribution System and the results are171
tabulated as in Table 3. The results are verified with the standard test results [18]. The results are also compared172
with the Node Admittance method proposed in [15] as shown in Table 4 . Both methods were executed on a173
Microcomputer with 2.6 GHz Intel i5 Processor. 1

Figure 1:
174

1© 2013 Global Journals Inc. (US) © 201
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Figure 2: Figure 2 :
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Figure 4: F
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Figure 5: Figure 3 :
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Figure 7: Table 1 :
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Figure 8: Table 2 :
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Figure 9: Table 3 :
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(17)175
(31176
If there is transformer in the previous branch then we calculate the voltage of the node that connected to177

secondary of the transformer as (32)178
Here, Ip is similar to that of calculated in backward sweep of that iteration.179
If Y ss is also singular then V s 0 is entirely a function of downstream grounding conditions. If the downstream180

sub network contains no zero sequence current paths then V s 0 is zero. The voltage of the node that connected181
to the secondary is given by below expression (34)182

The power losses in the system are given by (35) (36) After computing the voltages at all nodes, convergence183
of the solution is checked. As per the method proposed in this paper, the solution converges after successive184
iterations if the maximum difference in voltage magnitude (Î?”V max ) is equal to 0.00001.185

VI. Results186

modeling. An unbalanced radial distribution network is decomposed into a main three phase circuit and187
unbalanced laterals. An improved load flow algorithm has been used which reduces the time and iterations188
for the convergence. The advantage of the proposed formulation is that a complicated distribution network is189
decomposed to many sub systems. By considering the load models this load flow can also be easily applicable to190
real time system with efficient data and calculations.191

[Wang; Fen Chen] , Zhuding Wang; Fen Chen .192

[ IEEE Distribution Feeder Test Result. IEEE Distribution System Analysis Subcommittee] , http:193
//www.ewh.ieee.org/soc/pes/dsacom/testfeeders/index.html IEEE Distribution Feeder194
Test Result. IEEE Distribution System Analysis Subcommittee195

[Shirmohammadi et al. ()] ‘A compensation-based power flow method for weakly meshed distribution and196
transmission networks’. D Shirmohammadi , H W Hong , A Semlyen , G X Luo . IEEE Transactions on197
Power Systems 1988. (2) p. .198

[Iwamoto and Tamura ()] ‘A load flow calculation method for ill conditioned Power Systems’. S Iwamoto , Y199
Tamura . IEEE Transactions on Power Apparatus and Systems 1981. p. .200

[Cheng and Shirmohammadi ()] ‘A three-phase power flow method for real-time distribution system analysis’. C201
S Cheng , D Shirmohammadi . IEEE Transactions on Power Systems 1995. (10) p. .202

[Chang and Wang ()] ‘An Improved Backward/Forward Sweep Load Flow Algorithm for Radial Distribution203
Systems’. G W Chang , Chu S Y Wang , H . IEEE Transactions on Power Systems 2007. (2) p. .204

[Sun et al. ()] ‘Calculation of energy losses in a distribution system’. D I H Sun , S Abe , R R Shoults , M S205
Chen , P Eichenberger , D Farris . IEEE Transactions on Power Apparatus and Systems 1980. p. .206

[I. II.III ()] ‘Determining Load Characteristics for Transient Performance’. Final Report of EPRI Project RP I.207
II.III (ed.) 1978. p. . Energy Systems Research Centre, The University of Texas at Arlington208

[Chen et al. ()] ‘Distribution system power flow analysis-A rigid approach’. T H Chen , M S Chen , K.-J Hwang209
, P Kotas , E A Chebli . IEEE Transactions on Power Delivery 1991. (6) p. .210

[Luo and Semlyen ()] ‘Efficient load flow for large weakly meshed networks’. G X Luo , A Semlyen . IEEE211
Transactions on Power Systems 1990. (5) p. .212

[Alhajri and El-Hawary ()] ‘Exploiting the radial distribution structure in developing a fast and flexible radial213
power flow for unbalanced threephase networks’. M F Alhajri , M E El-Hawary . IEEE Transactions on Power214
Delivery 2010. (1) p. .215

[Li ()] ‘Implementing transformer nodal admittance matrices into backward/forward sweep-based power flow216
analysis for unbalanced radial distribution systems’. Jinqui Li . IEEE Transactions on Power Systems 2004.217
p. .218

[Vieira et al. ()] ‘Phase-decoupled method for three-phase powerflow analysis of unbalanced distribution systems’.219
J C Vieira , Jr , W Freitas , A Morelato . IEE proceedings on Generation, Transmission and Distribution220
2004. (5) p. .221

[Subrahamanyam et al. ()] ‘Power flow algorithm for radial distribution system with voltage sensitive loads’. Kr-222
ishna T M B Subrahamanyam , D Reddy , . N Ramana , Kamakshaiah . doi:101109/INDCON.2012.6420775.223
Annual IEEE India 2012. 2012. p. .224

[Ruiz -Rodriguez et al. ()] ‘Probabilistic load flow for radial distribution networks with photovoltaic generators’.225
F J Ruiz -Rodriguez , J C Hernandez , Jurado . IET renewable power generation, 2012. p. .226

[Chen et al. ()] ‘Three phase cogenerator and transformer models for distribution system analysis’. T H Chen ,227
M S Chen , T Inoue , P Kotas , E A Chebli . IEEE Transactions on Power Delivery 1991. (6) p. .228

[Birt et al. ()] ‘Three phase load flow program’. K A Birt , J J Graffy , J D Mcdonald , A H El-Abiad . IEEE229
Transactions on Power Apparatus and Systems 1976. (1) p. .230

[Lin and Teng ()] ‘Three-phase distribution network fast decoupled power flow solution’. W M Lin , J H Teng .231
International Journal of Electrical Power & Energy Systems 2000. (5) p. .232

[William and Kersting] H William , Kersting . Distribution System Modelling and Analysis, CRC Press LLC.233

9

http://www.ewh.ieee.org/soc/pes/dsacom/testfeeders/index.html
http://www.ewh.ieee.org/soc/pes/dsacom/testfeeders/index.html
http://www.ewh.ieee.org/soc/pes/dsacom/testfeeders/index.html

