International Conference on Advances In Computing ,Electrical and Communication Engineering(ICACECE-2017)

International Journal of Advanced Scientific Technologies, Engineering and Management Sciences (IJASTEMS-ISSN: 2454-356X) Volume.3,Special Issue.1,May.2017

Computationally Efficient Optimal Power Flow
Tracing

G. V. Narayana
Department of Electrical Engineering
Andhra University
Visakhapatnam, India
gvl.venkata@gmail.com

Dr. G.V. Siva Krishna Rao
Department of Electrical Engineering
Andhra University
Visakhapatnam, India

gvskrishna rao@yahoo.com

Abstract— Power flow tracing is the method to decompose the line flows into multi commodity flows. Due to multiplicity in solution,
Optimal Power Flow tracing has been proposed to choose the best solution in multiple solutions for a given objective. Min-max fair
power flow tracing is well accepted cost and loss allocation. However, the size (number of variables and constraints) of min-max fair
power flow tracing problem increases exponentially with the size of system. Therefore, in this paper, we propose a symbolic reduction
step wherein variables which will be set to zero at optimal are identified a priori by a graph theoretic analysis. This leads to reduce number of
variables in the LP problem. Further, the reduced problem can be solved efficiently by sparse LP method. The number of variables,
constraints and the time required for solving a min-max fair power flow tracing problem has been reduced significantly with variable
reduction technique. The variable reduction technique on IEEE 118 bus system has reduced 86%, 75% and 79% in number of variables,
constraints and time respectively to solve min-max fair power flow tracing problem. A commercial optimization tool box which fails to solve
the real life large scale system like NER grid (India) system without variable reduction. However, it is solved the same system in 21.83
seconds with variable reduction technique. Results on large 488 node Indian utility system illustrate the necessity of proposed
approach.Keywords— Real power flow tracing, Depth first search, Variable reduction, Linear Programming (LP), Transmission system
usage cost and loss allocation, Object oriented design

capacity” to carry the amount of power to be
transported. The selection of the contract is,
however, not usually based on the power ow

I. INTRODUCTION
Real power tracing is required to know the following:
e  Generation Allocation

e Load allocation _study to_ identify the_ facilit_ies actuall_y
e Flow Allocation involved in the transaction. This method is
Above three contributions will be used to find the usage simple and provides a distinct way of settling
allocation. Usage allocation is one of the major issues financial liabilities to influenced parties along
experienced by the Electric Supply Industries. The usage the contract path.
allocation includes loss allocation associated to each path, 3) MW-Mile method: MW-Mile methodology may
management, ancillary services and decision on scheduling the recovery of fixed transmission costs based on
of generators. o ] the actual use of transmission network. In this
To compute the usage cost c_)f a transmission, following method, charges for each wheeling transaction are
methods have been proposed in literature [1]. based on the measure of transmission capacity
1) Postage stamp methoq. Postage-stamp method, utilized in this transaction. However, it is difficult to
generators and loads proportional to their active simultaneous transactions.
generation or load consumption. 4) Proportionate sharing: This method was proposed
2) Contract path methodology: Contract path by J. Bialek [2]. The procedure assumes that the
method selects a specific continuous path power reaching a certain node in the electric
between the seller and buyer for wheeling network is proportionately shared by all the paths
transaction. All changes in the power flows going out from that node.

through the transmission facilities which are
not along the contract path are ignored. The
path chosen must have “sufficient unused
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Fig. 1. Proportional sharing principle.

The principle of ““proportional sharing” illustrated in Fig.
1 where four lines are connected to node i, two with inflows
and two with outflows. The total flow through the node is
40 + 60 = 100 units of which 40% is supplied by line j — i,
and 60% by line k — i. As electricity is indistinguishable and
each of the outflows down the line from node i depends only
on the voltage gradient and the line impedance, it was
assumed that each unit leaving the node contains the same
proportion of the inflows as the total nodal flow. Hence the

70 units outflowmg in I|ne i —m consists of - o0 =28

supplied by line j — = 42 supplied by line k — .
Slmllarly, the 30 units outflowmg in I|ne i — I consists of

4030
o = 12 supplied by line j —i ; and = vl = 18 supplied

by line k—i. Even though the proportional sharing
assumption cannot be proved or disproved, its application
leads to simplicity.

5) Min-max fairness method [4], [5]: A Min-max fair
power flow tracing has been proposed in [4]. The
min-max power flow tracing further improved in [5]
for application in large systems. A solution is said
to be min-max fair, if any reduction in, say,
percentage usage costs (MU/MW) for one entity
leads to increase in share of another entity, which
has either equal or higher percentage cost. In
absence of traceability constraint min-max fairness
and postage stamp method would lead to identical
cost distribution. An advantage of min-max fairness
model over modified postage stamp method is that
it guarantee’s fairness for each individual user, as
within traceable constrained space, no other
solution exists by which a higher cost entity
(MU/MW) can off load usage costs to a lower cost
entity. Min-max fairness also meets an important
fairness criterion known as “aggregate invariance'
which implies that artificial splitting of load or
generator at a bus will not alter the final solution.
While optimal tracing is superior to normal tracing
as one can rigorously impose a fairness related
objective on the space of traceable solutions, there
are certain computational challenges to be
overcome. In particular number of variables in
optimal tracing problem is increased drastically.
Thus, as the system size increases, the optimization
solver becomes inefficient.

In this paper, we proposed a variable reduction

technique. The rest of the paper is organized as
follows: the optimal tracing methods i.e. Tracing

compliant modified postage stamp method and Min-
max fairness tracing method are explained in Section
Il. Symbolic reduction technique to improve
computational efficiency of optimal tracing problem is
explained in Section-Ill. Object oriented design in
unified modelling language (UML) of tracing engine is
discussed in Section IV. Section V presents the results
and Section VI concludes the paper.

Il. OPTIMIZATION APPROACH TO REAL POWER TRACING: AN
APPLICATIONS TO TRANSMISSION FIXED COST ALLOCATION
[3]

The optimal tracing problem can be compactly defined

as follows:

Problem OPT(x,y): , T2 flx, y) (1)

The set 5 represents the set of all possible tracing
solutions and a specific set of x and ¥ vectors
represents a solution to generation and load tracing
problem. It is shown that set can be characterized by a
set of linear equality and inequality constraints. In fact,
set is both compact and convex. This leads

to a linear constrained optimization problem. It models
relationship between the flow entities and associated
network usage costs. Constraints in OPT problem can
be grouped into the following specifications

e flow specification constraints for series
branches, i.e., transmission lines and
transformers;

e source and sink specification constraints
pertaining to shunts, e.g., generators and loads;

e conservation of commodity flow constraints.

A. Flow Specification Constraints
Traditionally, two types of tracing problems, viz.,
generation tracing and load tracing, are discussed in the
literature. Generation tracing traces generator flows to loads,
while load tracing traces load flows to generators. We first
discuss modeling of the flow specification constraints for
generation tracing problem.
1. Generation Tracing: Let Py, (MW) be the flow on a
line Im. Flow is supplled bg generators
G,. Gy, Gy With componentsP B . BEeE

L

P = B3 + B2 4. 4B @)
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The component of generator &;; on Im line can be
expressed as fraction x ;. of the total injection by generator
i, i.e., . Therefore

Bk = xfn. P, @A)
ng

B = Z IE‘;K.PE.E,VSQI' of lines (4)
E=1

Since the branch flows are known and x are unknown,
flow equations for generation allocation can be written as
follow:

[Artowe 1 X p1ow] = [Briow,] (5)

2. Load Tracing: The power flow Fy;, on line lm can

also be expressed as a summation of load
components, i.e.,

P = Bt + B2 4R (6)
The component of load (P;;) on line im is expressed
as a fraction ¥, of load £;; as follows:

Bl = i By )
B = Z }-‘;[m.PLL.,Vset of lines 8
i=1

In matrix form, the flow equations for load
allocation can be written as follows:

["q_,l'-il?h'u] [}’,r'imf] = [EJJr'Enh'u] 9)

B. Source and Sink Specification Constraints

1. Generation Tracing: In a generation tracing
problem, it is necessary to write sink (load)
constraints. They express the contribution of
generators in loads. For a load (Fz,), the contribution

of various generators is governed by the following

constraint:
E'I':
Py =P + P74 +E (10)
ng ' i
Piizszi-Ps-uale,...,nL (11)
k=1

In the matrix form, the load equations for generation
allocation can be written as follows:
[Hir!_i'd] [-rir!_i'] = [bir!_i'd] (12)

2. Load Tracing: In the load tracing problem, it is
necessary to model the share of loads in a generator.
Let
g,
Po =PE 4+ B+ 4Bt e Py = ) yiB. (13)
i=1
In matrix form, the generator equations for load
allocation can be written as follows:

(At j 1 Vins] = [Bimg, ] (14)

C. Conservation of Commodity flow constraints
The conservation of flow constraints can be neatly

expressed by using arc or bus incidence matrix M of
the underlying graph. In the matrix, rows correspond
to nodes and columns to arcs. The entry M (i) is set to
1 if arc is outgoing at node; it is -1 if the arc is
incoming at node; else, it is set to zero. The shunt arcs
have one node as ground, which is not modeled in M.
The corresponding entry in M is either 1 or -1,
depending upon whether the arc represents load or
generation.

1) Generation Tracing: Let M represents sub-matrix
formed by considering series branches and shunt loads

My = [My,.M;] (15)

M 10x%] = [eg]  k=1..mz; (16)

Where x* represents the set of x-variables for lines and
loads associated with the &t generator. & is the node at
which k™ generator is connected, and ey is the k™
column of identity matrix.

Instead of partitioning x variables by generator
numbers, they can be partitioned by series branch flow
(*fiqe) @nd shunt flow x;,; variables. The set of the
continuity equations can be rearranged and written in
block matrix notations with and the variable partition
as follows:

x,r'imf]
Xinj

[-’qmn Eflowe, Agon rl'“.":] = [brnnrd] an

2) Load Tracing: The following similar arguments as in
generation tracing, the continuity equations for load tracing
are given as follows:

M1y 1=led i=1..m (18)
where 1 is the node at which the i** load is connected.
J-}':mf]

"qrm'! tl-,,‘,-u] j"‘[i’!j' = [brm’! ru] (19)

["dj comn tﬁm'-'u

D. Lossy Flow network
For a lossy flow network, the flow reduces along

the arc from the sending end to the receiving end.
Under such situations, it is necessary to model two
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flow equations per line, one for the sending end and
one for the receiving end. An alternative approach has
been developed to restrict the number of variables and
equations in the optimization problem to the
corresponding lossless formulation. For taking care of
lossy flow network we need to change the M; and M,,.
Let o; is origin and d; is destination of an arc i.

M= (0,,6) = 1 (20)
1
Méms':dp i) = ———,vlm € set of lines (21)
Bm
M2 (g, 1) = %,‘u"{m € set of lines (22)
. UM
MM (d.i)= -1 (23)

E. Modeling of Boundary Conditions
In a megawatt flow network, if the results are

consistent, then this difference, i.e., power dispatched
by generator k& to load i minus power received from
generator k by load i, should correspond to the loss
incurred in the generator-k load-i interaction. Let us
define this loss as less®, where

L

{I:ISS[H =¥ Ly = IFPE;: (24)
The above equation should satisfy the following loss
properties of a network:
wibP, —xiP =0vke f1.2,...n.} (25)
vk €{1.2...n}

Pos = ) D yhPy —xiPg, (26)

Equation (25) models the constraint that loss is a non-
negative number, while (26) models the requirement
that total generator-load interaction losses should be
equal to the power loss in the system.

F. Explicit formulation
1) Objective Function for Transmission Fixed Cost
Allocation Using Modified Postage Stamp Method: The
transmission system usage cost per MW paid by a load can
be worked out as follows:
E\:’[m Yim PLL-E[mﬂ

P,

&i

P | —
Erpri Cgandpu -

= Ev im }Tlrr. € imt (27)

The transmission system usage cost per MW paid by a
generator can be worked out as follows:

E\:’Em x%;ﬂpﬁkﬂ_im':l - Et:l

PE.

L

=) thnlin(1 - @) 28)

wim
where &y, is the cost of line per MW, & is the P. U.
share of the load in total transmission cost, 0 = « = 1,
Further, we assumed without loss of generality that
1"5':'_?! st — Eviines EEmPEm .

trprices, .

Let the postage stamp rate for the loads be
given by kigzz_. Then

. _ E,r'nr'r:[[[m FPim Cim @
Logdy — .
EI‘=1 PLl'

(29)

Let the postage stamp rate for the loads be
given by kz.,. . Then
Ev[m BmCim(l — a)

krzer!-,- = ETL P., (30)

The aim of tracing compliant postage stamp
method is to compute the closest traceable solution to
the proportionate distribution of transmission system
usage costs. Therefore, the objective function f{x. ¥} in
(1) is written as

fp,
Fley}= ) ltrpricetoae,, — Kima, |

=1

g
+ ) lerpricefn,, — Kens| (31)
k=1
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2) Objective Function for Loss Allocation: Another
choice of objective function can be developed on similar
lines for equitable distribution of losses. The per unit loss
for load is given as follows:

g
{uss;u = {Z }-‘;E] -1 (32)
k=1

The per unit loss for generator is given as follows:
np,
{uss;"u =1- {Z .r[‘]
i=1

Let us assume that percentage share of loss for (33)
generators in total loss of system is ShrLossG

and percentage share of loss for loads in total

loss of system is ShrLossL.

Therefore the objective function fi{x.¥} in (1)
for loss allocation is written as:

i,
ey} =) llossh, — Ko
i=1

g
-|-Z |Euss§i,_ —Kzenm | (34)
k=1

where k.4 is the ratio of total system loss to total
system load, and k:.n, is the ratio of total system loss
to total system generation.

3) Optimal Tracing Problem Formulation: Now, OPT
problem that was defined in (1) can be explicitly expressed
as follows:

minf (x. ) (35)

.'"l]d 0 a _ bd]
NS (36)
ViP —xfP = 0vke(12...ng) -
Vie{l2...n} (37)

[0,0,....00" < [x] £ [LL....1]7 [y] = [0.0,....0]7 (38)

where Az is all the equality constrained matrices
corresponding to generation tracing, and 4, is all the
equality constrained matrices corresponding to load
tracing. By solving above optimization problem we
can allocate the generation and load to find the
transmission usage cost and loss allocation.

I1l. SYmBOLIC REDUCTION TECHNIQUE
The tracing problem discussed in Section-1l is

modeled by a multi-commodity LP problem, where the
number of variables is given by following equation:

No.ofVariable = ny % (ng + 1, ) + 2 % (ng % ;)
+2(ng + 1)

where n; is number of generators, n; is number of
branches, and =, is number of loads of the network.
The number of variables required for different systems
is tabulated in Table I.

Table I: No. of variable of different systems

Sr.No. Name of the System No. of Variables
1| IEEE 6 bus 70
2 | IEEE 30 bus 1498
3 | IEEE 57 bus 4640
4 | IEEE 118 Bus 15252
5| NER Grid (India) 4511420

These numbers are quite large in comparison to the size
of the system. In the final LP solution it is seen that many of
the variables are set to zero. By identifying this large subset
of zeros before the LP formulation we can reduce the size of
the problem.

This suggests that additional work is required to improve
computational efficiency of the method. This can be
achieved by:

1. exploitation of sparsity linear programming and
2. improvement in modeling and algorithm.

The following methodology is proposed for the symbolic
reduction. Symbolic reduction approach is a graph theoretic
preprocessing on the output of load flow program to identify
the reach of generator and load to transmission lines. It also
identifies as to which generator can deliver power to loads
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and vice versa in the tracing frame work. The basic method
can be explained as follows:
Let G be the directed graph of the system and arc be

represented as e(o.d). If load flow or state estimation
output power flow is from node i to node j, then origin
o is i and destination d is j. On the other hand if power
flow is from j to i then origin o is j and destination d is
i. If it is said that the generator at node & can reach the
node g then the node g can be reached by traversing a
sequence of connected arcs in the direction of flow. In
other words, node g is in the reach of node k if
following sequence of arcs
e(k.k1).e(k1.k2).....e(kn.g) exists. Reach set of
generator is the set of all nodes which can be reached
by generator. A generator is said to reach an arc e(l, m)
if I € Ry where Rg; is the reach set of the generator k.
Similarly, the load reach set R; can be found out and
load i is said to reach an arc eil.m) if m € Ry;.

Fig. 2. Graph of a 6 bus system.

This method is illustrated using the Fig. 2 and 3. Let us
take a directed graph as shown in Fig. 2 which is a 6-
bus system with 2 generators, 4 loads, and 7 branches.
If we start from generator &; and traverse in the
direction of flow we can reach the nodes 1, 3, 4, and 5
only. So, the power from generator &; is flowing
through branches 11, VI, and VII only and it can
supplying to the loads L,, L, and L, only. This
information is tabulated in Table I1.

L
3 1 1
Il
VI
4 ik s
L, L,
Fig. 3. Reach of Generator G1.
Table I1: Reach set of generators
Generator | Branches Loads
L1, L3 and
Gl Il, VI, and VII L4
L1, L2 and
G2 I, I, IV, and V L4

Therefore instead of considering all the generators to
decompose the flow of a branch, consider only those
generators whose power is flowing through that branch.
Then the equation (4) is modified as follows:

Py = X ime P, .V 56t of lines (39)

o
h.E.riEm

where RE, generator reach set for line Im i.e., it is the
set of all generators which reach line Im.

Similarly, to decompose the load in terms of generator
contributions consider the generators from which that load
can be supplied. Then the equation (11) is modified as

follows:
P, = _Z: ¥E Py Vi=Tl..m o
h‘E.Fii_I:

where Rfl. generator reach set for load L; i.e., it is the set of
all generators which reach load L;.
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G,

L
L 2
1 1
3 2
o I

v
6_’__
e
Fig. 4. Reach of load L1.
Table I111: Reach set of loads
Load Branches Generators
L1 LI, and IV G1 and G2
L2 v G2
L3 Vil Gl
L4 I, 1V, V, VI, and VIl | G1 and G2

From the graph shown in Fig. 4, load L, is drawing power
from both the generators &; and &, through the branches I,
I1, and IV (for other loads it is listed in Table I11). So, instead
of decomposing the branch flow to all load components, we
restrict decomposition to only those loads which can reach a
line and generator. Thus, equations (6) and (13) can be
modified as follows:

niBpm
P = Z }’[[m-PLL.,VSEtﬂfHﬂQS (41)
[EEE‘m
Where RE,. load reach set for line bm i.e., it is set of

all loads which reach line im.
nig;

Pg, = Z Vi P Wk =1, ng

[EREi:
where Rz, load reach set for generator G; i.e., it is the
set of all loads which reach generator &;.

(42)

In this implementation to traverse the graph and keep the
track of visited nodes and edges we used the well-known
depth first search [6].

For an arc, if a generator or load is not in its reach set,
then it implies that the corresponding commodity flow
cannot reach the arc. Hence the corresponding generator
tracing or load tracing variables can set to zero. This can

achieve significant reduction in the number of variables
actually modeled by LP. This leads to reduced number of
variables in the LP problem. Further, the reduced problem
can be solved by sparse LP method.

IV. RESULTS
The algorithm has been tested on the standard

IEEE test systems [8] and a real life Indian Grid
system [9].

IEEE 6 Bus System
IEEE 30 Bus System
IEEE 58 Bus System
IEEE 118 Bus System
5. NER Grid (India) 488 Bus System [9].
The number of variables and the computational time of

the algorithm with and without symbolic reduction
technique is given in the Table IV. The table clearly
shows that symbolic reduction technique significantly
reduces number of variables and time required to solve
optimal tracing problem. The number of variables for
solving optimal tracing problem on NER Grid (India)
system with symbolic reduction technique is 45703
and it is solved in 21.83 seconds. However, without
application of the symbolic reduction technique, the
number of variables is 4511420; a commercial
optimization software could not solve the problem.
The results of different systems is shown in Table 1V.
The percentage reduction in variables, constraints, and
computational time with symbolic reduction technique
is given in Table V and Fig. 5.

Hwbd PR

V. CONCLUSION
The number of variables and the time required for

solving an optimal tracing problem have been reduced
significantly with symbolic reduction technique. A
commercial optimization tool box which failed to
solve the large system like NER grid (India) system
without symbolic reduction. However it is solved the
same system in 21.83 seconds with symbolic reduction
technique.

The symbolic reduction technique is not an addition
to the optimal tracing problem, it is a prerequisite for
the optimal tracing problem.
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TABLE IV: COMPARISON OF ALGORITHMS

Table V: Comparison of existing and proposed methods

No. % Reduction
S.N | System | of
0 Name Buse | Variabl | Constrai | Tim
S es nts e
1 6 Bus 6 41.43 29.71
2 30 Bus 30 63.82 52.02
61.1
3 57 Bus 57 75.63 63.86
79.2
4 118 Bus 118 86.37 75.03
NER
Grid
5 (India) 488 98.99 98.19 | #

#-Could not solve optimal tracing problem without
symbolic reduction technigque

Reduction

Y

Peformance comparison of exising method and proposed method
| | | |

I 1o. Of Variabes
[ No. OF Consrait
A Comptton T

b g y ¥
Q&& o 40 ¢ @0
g 9 4 0
¢ § ¢ i $
\ ¢ \ ¢ \
System Name 0@
¢
¢

Fig. 5. Percentage reduction in variables, constraints and
computational time using proposed method.

WITH AND WITHOUT SYMBOLIC REDUCTION

TECHNIQUE
W Ho. of Vanable Ho. if constrair?ts Timerequired(gggsj
a Sysem Noﬂes Wlthgut Wlth Wlﬂlqut Wl[h Wlthqut Wlth
e redchon | educton | reduchion | veduchon | reduchon | reduchon
| |EEEGRw | 6 | 10 | 40 | 4% | | 000 |00
DoOEEENBs| 30 | M%) Mo & | )0 | 0l
boOIMERSTRus| 6 | 40 | 100 | B | I ) 0 |
L S VA B A
B
i (N God| 48 | 45U4D0 | TS| RS | TG | s | MM
[
#- Codntove ot saemprotlem it symbolcedctin e
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