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Abstract—This paper presents a comparative Study of various
Distribution Load Flow (DLF) methods for a Radial Distribu-
tion System. The DLF methods considered here are Current
Injection Method based DLF (CIM), Vector Based DLF (VDLF),
Matpower based DLF , Forward Backward sweep based DLF
(FBLF) and Network Topology based DLF method (NTLF).
Among all methods NTLF is found to be most efficient and
uses graph theory and matrix algebra concepts based on simple
matrix multiplication. On an IEEE 33 bus and PG&E 69 bus
radial distribution test system, the convergence ability of all the
approaches is evaluated by taking into account voltage profile,
active and reactive power losses, iterations, and computational
time.

Index Terms—Current Injection Method (CIM), Forward
Backward sweep Load Flow (FBLF), Network Topology based
Distribution Load Flow (NTLF), Vector based Distribution Load
Flow (VDLF).

NOMENCLATURE
oy angle between F; and I;
E; it" bus voltage
I it" bus current

I,(k) Branch current at k*" line

I.;7(i) Effective current supplied by i*" bus
Igal Calculated current at bus 'p’

Ly Specified current at bus 'p’

PP Specified active power at bus 'p’
P.ss(i) Active power supplied by i'" node
P!™  TInjected active power at bus i’
Poaqa  Active power load

Py,ss  Active power loss

(@ Specified reactive power at bus 'p
Qes¢(i) Reactive power supplied by i*" node
Q;"  Injected reactive power at bus 'i’
Qioad Reactive power load

Qi0ss Reactive power loss

R Resistance

X Reactance

Yious ~ Admittance matrix

Yop Diagonal elements of Yy, s

Yq Off diagonal elements of Yy,

ADJL Vector used for adjacent line number
ADJQ Vector used for adjacent bus number
ITAGF i*" bus tagging from

ITAGTO " bus tagging to

>
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I. INTRODUCTION

Distribution Load Flow is an emerging tool for analysing
distribution networks and is used extensively in operations
and planning studies. The majority of distribution systems
are radial in nature, with high resistance to reactance ratio.
Unbalanced operation and low voltage difficulties in dis-
tribution systems are an inevitable consequences of these
characteristics, and conventional load flow algorithms fail to
converge for such networks. Several distribution load flow
methods have been proposed in the literature to take care of
such problems.

In [1]- [2], the authors presented simple load flow tech-
niques for radial distribution networks based on the formation
of constant matrix using network topology and identification of
branch and node. A directly solvable non-iterative DLF using
bus indexing model and connectivity matrix to characterize the
network is discussed in [3]. A direct approach of load flow
solution by developing two matrices bus injection to branch
current (BIBC) and branch current to bus voltage (BCBV) is
explained in [4]. In [5], an efficient load flow solution works
for radial and weakly meshed network based on the concept
of partial network concept. In [6]- [7], current injection based
load flow and forward backward sweeps load flow solutions
were explained for various balanced and unbalanced systems.
A simple and elegant algorithm for distribution system was
presented in [8]- [10]. In [11], the authors have presented
load flow study carried out with ETAP (14.0) software which
simulates voltage profiles and active power flow as well as
reactive power flows and losses. A distribution load flow for
radial and meshed network based on the process of loop
breaking by adding dummy nodes is explained in [12]. In
[13], authors accounted for power flow solution for AC-DC
distribution networks from employing graph theory and matrix
algebra concepts.

In this paper, Comparative study of DLF algorithms have
been proposed to investigate fast and efficient power flow
solutions for radial distribution systems to mitigate active and
reactive power losses and improve voltage profile. DLFs such
as CIM, VDLF, DLF in Matpower, FBLF and NTLF have
been applied on IEEE 33 bus RDS and PG&E 69 bus RDS
for efficient distribution system planning studies. Among all
DLFs, NTLF outperformed CIMLF, VDLF, DLF in Matpower
and FBLF in terms of minimum real and reactive power losses.
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Fig. 1. Single line diagram of 6 bus RDS with representation of bus voltages

There are four sections in this paper: Mathematical ap-
proach for computing DLF employing various algorithms
such as CIM, VDLF, DLF in Matpower, FBLF and NTLF
are explained in section II. In section III, simulation results
obtained by application of all DLF algorithms on two test cases
viz.IEEE 33 bus RDS and PG&E 69 bus RDS are presented
for identifying the most efficient DLF method reliable and
Conclusions and scope for research are explained in Section
Iv.

II. MATHEMATICAL MODELS TO COMPUTE DLF

For system analyses, radial distribution networks are mod-
elled as balanced single-phase equivalent networks. The shunt
capacitance in a line, which is relatively modest, is ignored in
distribution line modelling. The following is the mathematical
way to computing DLF:

A. Vector based distribution Load flow (VDLF)

Consider a sample 6 bus radial network as shown in Fig 1.

Let us assume E; = 1+ 50; (taken as reference bus and
constant for all iterations) £y = F3 = E4 = By = Eg =
1 + j0; From the given network as shown in Fig 1, P, /()
including losses and loads beyond the i*" node and similarly
Qe s (i) including losses and loads beyond the i*" node. The
calculation of the P. ;¢ and Q. starts from last bus to second
bus. Initial losses are considered as zero but during the iterative
process Pj,ss and ;.55 of each line are calculated and used
to update the P.rr and Q).r¢ during the iterative process. The
calculation of P.rr and Q.ss values are as shown in Table I.

TABLE I
CALCULATION OF Py AND Qe

| BusNo | P.ss(3) | Qe (i) ‘
6 Pioad(6) Qioad(6)
5 Pioaa(5) Qioad(5)
4 Proad@®)+Pefs(5)+Pefs(6) | Qroada®+Qesr(5)+Qey5(6)
3 Pioad(3) + Pegs(4) Qioad(3) + Qerr(4)
2 Pioad(2) + Peyyp(3) Qioad(2) + Qerr(3)
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Fig. 2. A simple two bus system

E1 = Ex + Ia(r1 + jz1) (1)

A simple 2 bus network taken into consideration as shown in
Fig 2. The bus voltage is computed by using equation (1). It
is observed from Fig 3 that OCD is a right angle triangle.

D

Cy

Fig. 3. Phasor diagram of sample network

OD? = 0C? + DC? = (OA + AB + BC)? + DC? 10))

where OD = |FE1|; OA |E2|; AB = I3Rjicos(d2);
BlB ClC IQRlsin(¢2);D01 [2X1008(¢2);
3101 = IzXlsin(¢2); IQCOS(¢2) = PQeff/EQ; 1257;17,((232) =
Q2¢17/FE2; By substituting in equation (2) the expression as
shown in equation (3) is obtained.

EYE3 = (B3 + Pesf(2)R1 + Qerr(2)X1)% + (Pess(2)X1 — Qc.ff@)Rl();

The equation (3) is in fourth order which is highly non-linear
and obtained without using any approximations. The solution
of such highly non linear equation would help us quadratic
fast convergence. It is observed that this works for radial type
network and not for meshed type network. The flowchart of
VDLF method is as shown in Fig 4.

B. Current Injection Method based Load flow (CIM)

CIM load flow solution works for both radial type and
meshed type of network. The mathematical expressions for
understanding CIM are represented in equations (4)-(8). The
current mismatch is given in equation (9). The equation (9)
is non-linear and converges fast. It takes 3 to 4 iterations for
any size of network. CIM takes huge memory and large CPU
time. CIM’s flow chart is depicted in Fig 5.

Tpus] = [Yous][Epus] @
I;al = YppEp + Z YpqEq %)
q=1&q#p

17 = (P = jQ;")/ By ©
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Read line data, bus data, Initial Guess
voltages, epsilon, number of iterations

| Form Sparsity vectors i.e. ITAGF, ITAGTO, ADJL,ADJQ |

| Compute P and Q. without losses |

| Set initial losses as zero for all lines

I Set iteration=0 and AP),=0, AQj=0 <

| Compute loss component Ploss, Qloss , APog AQ)oqs I

{

’ Compute APjos™", AQioss™™

If (APjo™™ < epsilon &
AQjoss™™ < epsilon)

Compute line flows, losses and Print bus voltages,
Piosss Quossy iterations, computation time

Fig. 4. Flow chart of VDLF method

Fp= (PP —jQiP)/Ey — YppBp — > Yyqkg ®)
q=1&q#p
Fo— (P;p - jQ‘;p)(ei - f§ +j2epfp)(ep — 3 fp)
e
|E3] ©
— YppEp — Z YpeEq
q=1&q#p

C. Matpower based DLF

Matpower has several number of power flow solutions
for radial networks. Among them forward backward sweep
method is popularly used. Additionally three types of ac power
flow solutions are existing in Matpower i.e.current summation
method, power summation methods and admittance summa-
tion methods. The DLF method under Matpower flow chart is
given in Fig 6.

D. Forward backward sweep based Load flow (FBLF)

FBLF is easy to understand and simple to program. There
are no approximations in deriving the basic mathematical
equations and its convergence is usually in 3 to 4 iterations.
It doest not require any big matrices and LU decomposition.
Here, the concept of backward sweep and forward sweep
approaches were utilized for DLF solution.

I = [—(P{™ + Qi) /B (10)

Read line data, bus data, Initial Guess
voltages, epsilon, number of iterations
| Form Y bus using Sparsity Technique |

{

I Compute Pj,; and Qj,; for all buses |

Set Iteration=0

i
[ Set (ALa)™=0, (Alini)™ =0 |j@—

I Compute I, specified and I, calculated | Update itermiter+1

| Compute Al, (ALp) reaty (Alp)imag ‘ Update the voltages and

phase angles

!

Form Jacobian matrix
and compute the
elements

Compute line flows, losses and Print bus voltages, P
losss Q loss, iterations, computation time

v

Fig. 5. Flow chart of CIM [6]

/ Read System data /

Set all Voltages 1 p.u (flat start)
Set iter=1

| Compute branch current flows |<§

Perform current summation using
backward substitution

Calculate receiving end bus voltages using branch
currents and sending bus voltages

If ((AE)™| < epsilon)

Compute line flows, losses and Print bus voltages, P .,
Q 1055, iterations, Computation time

Fig. 6. Flow chart of DLF in Matpower [18]

Update
iter=iter+1
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Fig. 7. Single line diagram of 6 bus radial network with representation of
branch currents

1) Backward sweep: Backward sweep computes branch
currents using equation (10) and I.;; from the following
expressions whose significance is pictorially represented in Fig
Tdepro) = o3 Legp(s) = 15 Legpca) = Latdeppis) +legr (o)
Lespa) = Is + Leppays Legpzy = 12+ lepp)s Legy has
interconnectivity including its own load current. As the iter-
ations progress, the values of Ij,qq and I.;; gets effected.
The process of computing I. ;s is referred as backward sweep
approach.

I 27T X |

I — ¢ I

Fig. 8. A sample two bus system

2) Forward sweep: Forward sweep computes bus voltages
from Fig 8 with the following expressions: Eo = F1 —Ij1)21;
E3 = Ey — Iyo)22; By = E3 — Iy3)23; Es = By — Ipa)24;
E¢ = E4 — Iy5)25; The flow chart of FBLF method is as
shown in Fig 9.

E. Network Topology based Load flow (NTLF)

NTLF solution is an iterative process, utilizing graph theory
and matrix algebra concepts. Four matrices have been gener-
ated and are utilised as input for the DLF solution. They are
derived from Fig 10, which depicts the network structure.

1) Load Beyond Matrix (LB): Load beyond matrix given in
equation (11) finds all the loads beyond a line in the network
with the size (I,n), where ’1’ is line number and 'n’ is bus
number. If the (n+1)*" bus is beyond the line 'I’, LB(l,n) =
L(n + 1) is used. If the (n + 1)*" bus does not cross line 'I’,
LB(1,n)=0. Bus 'n’ has a load of L(n).

L2 L3 L4 L5 L6 L7 LS
0 Ly Ls Ly 0O 0 0O
0 0 Ly Ly 0 0 0
LB=|0 0 0 Ly 0 0 0 (11)
0 0 0 0 Ls Lz O
0 0 0 0 0 Ly O
0 0 0 0 0 0 Lg

2) Path Impedance Matrix (PI): The lines linking the slack
bus and end bus in the network are found using the Path
Impedance matrix (12). If the [** branch in the p*" path
connecting slack to the end bus is followed, PI(p,l) = Z(1),

Read line data, bus data, Initial Guess-
voltages, epsilon, n::mber of iterations

| Compute Pinj and Qinj for all buses |

Set Iteration=0

l Compute load currents at all buses except slack bus |

'

I Compute Ieff using backward sweep I

'

| Compute bus voltages using forward sweep |

'

Compute AE and max(AE)

{

No
If (lmax(AE)| < epsilon)

Yes

Update iter=iter+1

Compute line flows, losses and Print bus voltages, P loss,
Q loss, iterations, computation time

v

Fig. 9. Flow chart of FBLF [7]

— 8*
[71
1 2 3 4 5%
| 2] o | W
Slack Bus
[5]
—_— 6 * End bus
[1-[2])-[3)-[4]
[6] [1]-[5)-[6]Path2 (Slack bus 1 to end bus 7)
7 [1]-[2]-[7]Path3 (Slack bus 1 to end bus 8)

Fig. 10. Single line diagram of a 8-bus radial network

and PI(p,1) = 0, if the p" path number does not contain the
I branch. The impedance of branch ‘I’ is Z(1).
Zv Z2 Zz Zs O 0 0
PI=|Z2, 0 0 0 Zs Zs O 12)
Zi Zo 0 0 0 0 Z
3) Path Drop Matrix (PD): The drop voltage of distribution
network in each path is identified by the path drop matrix
(13). PD(p,1) = PI(p,l) * FO(l) , If the [** line in the
p'" path connecting slack to the network’s end bus is traced.
PD(p,1) = 0, If the I*" line in the p*" path connecting slack
to the network’s end bus is not traced. Where F'C is feeder
current matrix.

PD, PD, PD; PDs 0 0 0
PD = |PD; 0 0 0 PDs PDg 0 (13)
PD, PD, 0 0 0 0 PD;
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4) Slack bus to Other Bus Drop Matrix (SBOBD): The
SBOBD matrix (14) is used to determine the overall voltage
loss in each path i.e. between slack bus and existing other
buses of the distribution network. SBOBD(p,l) = 0, if
PD(p,1) = 0 otherwise SBOBD(p,1) ="' . PD(n,m).

m=1

Dy D> D3 Dy 0 0 0
SBOBD=|D, 0 0 0 Ds Dg O (14)
Dy Do 0 0 0 0 D+

The flow chart of NTLF method is as shown in Fig 11.

Read line data, bus data, Initial Guess-
voltages, epsilon, number of iterations

I Identify all nodes and branches |

|F0rm Load beyond matrix and Path Impedance matrixl

Set Iteration = 0

Set [(AE)™=0

| Compute load current and feeder currents I

{

| Compute Path Drop and Slack bus to Other bus Drop matrix |

max

| Compute new bus voltages matrix , AE and (AE)

No
If (|(AE)™| < epsilon)

Compute line flows, losses and Print bus voltages,
Ploss» Quossy iterations, computation time

Fig. 11. Flow chart of NTLF

Update iter=iter+1

III. RESULTS AND DISCUSSIONS

The DLF methods on IEEE 33 bus RDS and PG&E 69
bus RDS were implemented using MATLAB R2021b [17]
software on a PC with an Intel (R) core i5 processor and 8GB
RAM. The line data and bus data for IEEE 33 bus RDS and
PG& E 69 bus RDS are available at [14] & [15], respectively.
The single line diagram of IEEE 33 bus RDS and PG&E 69
bus RDS is shown in Fig 12 and Fig 14 respectively. The
comparative study of DLF algorithms is done to study the fast
and efficient power flow solutions for the radial distribution
systems with minimum active and reactive power losses and
better voltage profile. The simulation findings indicate that
the NTLF algorithm is more efficient than the CIMLF, VDLF,
MATPOWER, and FBLF algorithms.

TABLE 11
COMPARISON OF NTLF WITH OTHER DLF METHODS FOR IEEE 33 BUS
RDS

Parameters Distribution Load Flow Methods
Type of Method \ CIM [6] \ VDLF [16] \ Matpower [18] \ FBLF [7] \ NTLF

P Loss (kw) 211 210.98 203 188.72 182.18
Q Loss (kvar) 143.03 143.12 143 126.88 123.26
Iterations 4 4 3 3 1 (or) 2
Time (seconds) 0.1831 0.17003 0.17 0.10967 0.1526

Fig. 12. IEEE 33 bus RDS single line diagram

A. Case Study I (IEEE 33 bus RDS [14])

A first case study is chosen to be IEEE 33 bus, 100
kVA, 12.66 kV, 32 branches of radial distribution system.
The results shown in Table II gives comparative study of
DLFs tested on IEEE 33 bus RDS for voltages, phase angles,
active power losses, reactive power losses, iteration number
and computational time. It is observed from the Table II that
NTLF method is an efficient method in comparison with other
methods. Fig 13 shows the voltage profiles for various DLFs
on the IEEE 33 bus RDS.

U — 7
Matpower based DLF (18]
092 - —%—NTLF
—<4—FBLF[7]
091 H—A—CMEg] il
VDLF[16]

11 L1 L1 L1 11
0123 45 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Bus Number

Fig. 13. Plot of Voltage Profiles of various DLF’s on IEEE 33 bus RDS
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|- PREEPAPIPY PP e 06 0606 06 0606060 06 060000
I ----[-- 00 0 0 0 0 0 0 0 0 000
37
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28 2930 31 32 33 34 35

Fig. 14. Single line diagram of PG&E 69 bus RDS
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B. Case Study Il (PG&E 69 bus RDS [15])

The PG&E 69 bus, 100 kVA, 12.66 kV and 68 lines of
radial distribution system are investigated in the second case
study. The results shown in Table III gives comparative study
of DLF’s tested on PG&E 69 bus RDS for voltages, phase
angles, active power losses, reactive power losses, iteration
number and computational time. It is observed from the Table
III that NTLF method is an efficient method in comparison
with other methods. The plot of voltage profiles for various
DLF’s on PG&E 69 bus RDS is as shown in Fig 15.

TABLE IIT
COMPARISON OF NTLF WITH OTHER DLF METHODS FOR PG&E 69 BUS
RDS
Parameters Distribution Load Flow Methods
DLF Method CIM [6] \ VDLF [16] \ Matpower [18] \ FBLF [7] \ NTLF
P Loss (kw) 224.96 2252 225 224.93 191.47
Q Loss (kvar) 102.15 100.21 100 102.41 87.783
Iterations 7 4 3 3 1 (or) 2
Time (seconds) 0.3312 0.17562 0.17 0.06296 0.1778
1M IR T T T
099~ 1
098~ 1
097~ 1
Eassf 4
gDSS* 1
Eu.sk .|
093
NTLF
092 Matpower based DLF[18]
cm[s)
091 FBLF[T)
VBLF[16]
09, woo
Rus numhar

Fig. 15. Plot of Voltage Profiles of various DLF’s on PG&E 69 bus RDS

IV. CONCLUSIONS

This paper has investigated the various DLF algorithms on
standard test cases to find the most acceptable DLF method by
comparing voltage profiles, active power losses, reactive power
losses, iterations and time taken to compute the solution. Five
DLF methods i.e. CIMLF, VDLF, MATPOWER, FBLF and
NTLF algorithm were explored in this paper. The simulation
findings show that NTLF outperforms the other DLFs in
terms of losses, voltage profiles, and iterations. The efficient
DLF technique can be used in a variety of ways, including
load modelling, reactive power compensation studies, optimal
integration of renewable DGs and network reconfiguration
problems. There is a scope of achieving DLF solutions for
the AC-DC systems as the existing AC distribution network is
getting transformed into Hybrid network because of DC loads.
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