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Abstract —This paper proposes a novel method to search
the optimal topology of radial distribution network which
maximizes total output power of photovoltaic generators
(PV) on the network and keeps the network voltage within
a regulated range. The method is based on a correlation
between total PV output and the largest difference in the
voltage profile and the principle of superposition for the
radial network. The optimal topology is found out so as
to form a tree by extending distribution feeders from a
distribution substation. In order to verify the effective-
ness of the method, a comparison study with tabu search
approach was carried out by using a multi loop distribu-
tion network model. The result shows that the method can
find a suboptimal topology faster than tabu search.

Keywords: photovoltaic, distribution network, to-
pology, combinatorial optimization

1 INTRODUCTION

Electricity generation from renewable energy such as
solar and wind is a desirable approach for the reduction
of CO, emission. Therefore, photovoltaic generation
(PV) is expected to be increased in the future [1]. When
a large number of PV generators are connected to distri-
bution networks, the generated power from PV will
cause reverse power flow on the network. In conse-
quence, the distribution voltage will rise and it will be
difficult to keep the voltage within a regulated range [2].
One of the countermeasures is to adjust power factor of
PV output by controlling the power conditioning system
(PCS) installed in individual PV. Although this ap-
proach is practical, it is undesirable to reduce active
power outputs of PVs, from the viewpoint of effective
use of renewable energy.

One of the possible approaches for the radial distribu-
tion network to avoid reducing the active power output
of PV is to change the network topology. Since the
voltage profile depends on the topology, there exists the
optimal topology which can maximize total outputs of
PVs on the network without voltage violation. The
simple method to search such optimal topology is to
compare total PV outputs with respect to all combina-
tions of state of section switch. However, this is time
consuming method.

This paper proposes a novel method to search the op-
timal topology of radial distribution network which
maximizes total output power of PV on the network and
keeps the network voltage within a regulated range.
The method is based on a correlation between total PV

output and the largest difference in the voltage profile
and the principle of superposition for the radial distribu-
tion network. The optimal topology is found out so as
to form a tree by extending distribution feeders from a
distribution substation.

Determining distribution network topology is a com-
binatorial optimization problem. To solve this prob-
lem, tabu search and genetic algorithm have been ap-
plied [3, 4 & 5]. In order to verify the effectiveness of
our proposed method, a comparison study with tabu
search approach was carried out by using a multi loop
distribution network model. The result shows that the
proposed method can find a suboptimal topology faster
than tabu search.

This paper is organized as follows. In section 2, we
define the problem to search optimum topology which
maximizes total outputs of PV without voltage violation.
In section 3, a novel search method is described. In
section 4, we discuss the effectiveness of the proposed
method. Section 5 concludes the paper.

2  PROBLEM FORMULATION

When a large number of PVs are connected to a feed-
er of distribution network, the generated power from
PVs will flow reversely and the voltage at the end of the
feeder will rise. As the result, the PCSs of individual
PVs reduce the active power outputs of PVs by control-
ling the power factor to keep the voltage within the
regulated range of 101 + 6 V on the low-voltage distri-
bution network.

In order to avoid the reduction of PV output and
maximize the total outputs of all PVs connected with the
feeder, it is desirable that PVs and loads are connected
with each feeder evenly. Such allocation of PVs and
loads can be achieved by changing the states of section
switches on distribution network, that is, changing the
distribution network topology [6, 7]. The optimal
topology which maximizes total outputs of PVs can be
found out by solving the following combinatorial opti-
mization problem.

Objective
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Voltage constraint
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Constraint for nodes connection
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Constraint for radial configuration

z ztjab =2(n—1) ................................ (5)
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Where

S : Topology #i (Combination of section
switch states)

P,(S)) . Active power of PV output on node #i
for topology S;

Py :  Maximum active power which PV on
node #i can generate

Vi(S)) :  Distribution voltage at node #i for topol-
ogy S,

Vipper : Upper bound of voltage Vi(S;)

Viower :  Lower bound of voltage V(S;)

T(S)) : Matrix about a formation of topology S;.
The element of T(S)) in the ath row and
bth column is expressed as P, it is 1
when node #a and node #b is connected,
and it has 0 when these are not con-
nected. On-diagonal element is 0.

n :  The total number of nodes

S : A set of topology

Vertices A set of all nodes

In the above formulation, node means the point where
a group of PVs or loads are connected. P,; is the max-
imum active power which the PV at node #i can gener-
ate without the voltage constraints of Eq.(3). Eq.(4)
shows that there is no isolated node. Eq.(5) shows that
the distribution network has radial topology. In this
paper, the abovementioned optimization problem is
called “maximization problem of total PV outputs”.

3 A SEARCH METHOD OF THE TOPOLOGY

3.1 Exhaustive search approach

The simplest method to solve the maximization problem
of total PV outputs is an exhaustive search approach.
By this approach, the optimum topology can be searched
by comparing total PV outputs of all combinations of
states of section switches as shown in Fig. 1. First, to
determine the total PV output of topology Sj without
voltage violation, the processes on the loop A are done.
Next, the topology is changed along the loop B, then the
processes on the loop A are carried out again. The
optimum topology is found out through the repeat of
those processes on the loop A and loop B.

The defect of the exhaustive search approach is to
take enormous computation time by the following two
factors. The first one is the loop A. In this loop, AC
power flow calculation must be done many times. The
second factor is the loop B. Since the computation

time also depends on the number of combinations of
states of section switches, in case of studying a large
scale distribution network, the computation time will
increase enormously.

3.2 Problem modification
In order to develop the optimum topology search

method which can reduce the enormous computation
time caused by the two factors in the previous section,
the maximization problem of total PV outputs is mod-
ified to the other new optimization problem. The mod-
ification is based on the correlation between total PV
outputs and voltage profile of distribution network.
The topology which minimizes the largest difference
among node voltages tends to maximize total PV out-
puts, so that the optimum topology will be found out by
solving the problem of minimizing the largest difference
among node voltages. For the illustration of the corre-
lation, a simulation study has been done using a simple
distribution network model as shown in Fig. 2 before we
describe the modified new optimization problem and our
proposal of solving the modified problem.

When the correlation between total PV outputs
Py,(S)) and node voltage V(S;) is investigated, Pq,,(S;)
is calculated with the voltage constraints of Eq.(3) but
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Figure 1: A flowchart of exhaustive search
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Figure 2: A distribution network model for explanation of the
proposed method
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Vi(S;) is calculated without the constraints. The para-
meters of the distribution network are described in sec-
tion 4. In the case of the distribution model in Fig.2,
the number of all combinations of section switch states
is seven. Fig. 3 shows the voltage profiles of the fol-
lowing different states of section switches.

Open SW_j,: topology that same amount of load is
connected on each feeder
Open SW3_4: topology which maximizes Pi,,(S;)

In the case of Open SWq_j,, the largest voltage dif-
ference Vy/(S;) between the maximum node voltage and
the minimum one is 11.4 V. In the case of Open SW_4,
VadS;) is 5.5 V. By computing the largest voltage
differences and total PV outputs for the all combinations
of section switch states, the correlation between them
was obtained as the regression line plotted in Fig. 4.
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Figure 3: Voltage protiles of the ditterent states of section
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Figure 5: A flowchart of proposed method

The regression line shows that a negative correlation
exists between Py,,(S;) and Vy(S;). In the figure, SW;;
indicates that the section switch equipped between node
#i and #j is open. By utilizing the negative correlation,
the maximization problem of total PV outputs P,,(S))
formulated in section 2 can be modified to the minimiza-
tion problem of the largest voltage difference V (S;)
The modified problem is formulated as follows:

Objective
2}2? Vs (S ; )J ......................................................... (6)
Vi (8,)= max (v.(s,))- min (K I— 7
Subject to
PV output constraint
P, (s/_ ): S (8)
Constraint for nodes connection
ZZjab >1, (Va € Vertices) ........................... 9)
beVertices

Constraint for radial conﬁguration

z Zt/ab = —1 ............................. (10)

acVertices beVertices

where V,(S)) and V\(S)) are the voltage magnitudes of
node #x and #y on topology S;.

Fig. 5 shows the proposed method for solving the
above modified problem. In the first part, “Searching
topology process”, the candidates of topology which
should be evaluated in the next part of the method, are
selected. The selection process is based on the super-
position of radial electric circuit. In the second part,
“Calculation of total PV output process”, the total PV
outputs are computed for all the selected candidates of
topology, then the topology which minimizes the total
PV output is determined as the optimum one.

3.3 Approximated electric power circuit model

In the first part “Searching topology process” of the
proposed method, all power sources in distribution net-
work are expressed approximately by current sources
because of the following reason.

An injected current at node #i is given by

1fs)-Lemrige)
i\

where, I,(S;) is the injected current and P, and Qj; are
the injected active power and reactive power at node #i .
The injected current /(S;) depends on node voltage
Vi(S;) of topology S; . However, in the proposed me-
thod, the node voltage is assumed to be constant, that is,
independent on topology because node voltage is much
larger than the difference between Vy(S;) and VyA(S) of
different topology. Therefore, the node voltage of
specified topology is used as the constant node voltage.
As the specified one, the topology that all section
switches are closed is adopted because it has loop confi-
guration, so that total PV output will be maximized.

17" Power Systems Computation Conference

Stockholm Sweden - August 22-26, 2011



By this approximation, voltage profile of radial distribu-
tion network can be calculated easily and successively
with the principle of superposition whenever a new node
is added to the network.

The procedure for calculating voltage profile is ex-
plained by using a simple model of radial distribution
network as shown in Fig.6. According to the above
approximation, the distribution networks in Fig. 6(a) and
(b) are represented by the equivalent circuits in Fig. 6(c)
and (d) respectively. Therefore, the voltage V;; in Fig.
6(a) is given by the following equation.

Val = Vo + ij 1
where Vj is the voltage on the distribution substation
(node #0). zg, is impedance between node #0 and node
#1. I, is the injected current source at node #1 which is
approximated with Eq.(11).

Next, a new node #2 with a load is added to the net-
work in Fig. 6(a). Each node voltage in the network
including the new node #2 in Fig.6(b) can be obtained
by utilizing the node voltage of the network in Fig. 6(a)
as shown in the following equations.

Vi =V, ""201(]1 ""12)

=V, +zod, + 241,

= Vul +z 01j 2

Vi =V + 20,1,

where Vy; is the voltage at node #i (i =1, 2) as shown in

Fig.6(b). =z, is the impedance between node #1 and

node #2. I, is the injected current source at node #2
which is approximated with Eq.(11).

Eq.(13) and Eq.(14) show that the voltage profile of

m node radial network can be successively computed by

using the voltage profile of (m-1) node radial network

and the newly added current source. In the “Searching
topology process”, this computation procedure is used.

3.4 Search algorithm

The algorithm of “Searching topology process” in
Fig. 5 is explained. For the simple explanation, the
algorithm for searching one network configuration that
minimizes the largest voltage difference V;(S;) is
explained in detail using a simple network in Fig. 7.

#1 .
|Vb1

#2

# o # #0 |
|V0 |Vb2

% Ve V. % }_¢

(d)
Figure 6: Voltage profile of the radial network that a new
node is added

Graph expression of distribution network

#1 11:2
# Lo

- #2
TO ) 12:3

Procedure:F1

#1
#0

Procedure:F2

Figure 7: Schematic representation of the proposed topology
search algorithm

In Fig. 7, node #0 represents a distribution substation.
The other nodes show the connection points of PV and
load. For the simple explanation, the impedance be-
tween two nodes is assumed to be z=1Q and the vol-
tage at node #0 is set Vp=1 V. In addition, node #0 is
called subtree T in the following explanation.

Procedure (F1): New subtrees are made by connecting a
new node with the subtree Ty. As shown in Fig.7, a
new subtree T, is made by connecting node #1 with the
subtree Ty. In the same way, T, is made by connect-
ing node #2 with the subtree Ty. Next, voltage profile
Vi, of Ty, and Vy,of Ty, are calculated. Voltage Vi,
at node #1 in T,, is obtained as V,=Vytzqi[;= 3 by
substituting ;=2 for Eq.(12). In the same way, the
voltage Vip, at node#2 in Ty, is calculated to be
V1b2: V0+Z()2]2:4 by uSing 12:3.

Procedure (F2): For the individual subtrees made in
Procedure (F1), the largest voltage difference Vs is
calculated and the subtree which has minimum Vy; is
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Figure 8: An image of variable search region

selected. Ve of Ty, is computed to be 2 with Eq.(7)
because the maximum node voltage is V=3 and mini-
mum voltage is V=1. In the case of Ty, Vg is com-
puted to be 3. Therefore Ty, is sclected as the subtree
with minimum V.

The above two procedures are applied successively to
the selected subtree until all nodes are connected. As
the result, the topology that the section switch between
node #1 and node #2 is opened is selected as the topolo-
gy which should be evaluated in “Calculation of total
PV output process” of the proposed method.

In the proposed method, AC power flow calculation
is done only a few times when the power sources are
replaced with current sources and the total PV output of
the selected topology is calculated. Therefore, the
computation time of the proposed method will be shorter
than that of the exhaustive search approach. However,
there is some possibility that a local optimum is ob-
tained because the proposed method can not necessarily
search broad solution space of the original problem,
“maximization problem of total PV outputs”.

In order to avoid selecting the local optimum, the
proposed method can be improved so as to search the
broader solution space. Fig. 8(a) represents schemati-

cally the abovementioned algorithm for searching one
network configuration as shown in Fig. 7. On the other
hand, Fig. 8(b) illustrates the improved algorithm that
two subtrees with smaller Vy are selected. Although
the improved method can search broader solution space
by increasing the number of selected subtrees, the com-
putation time will increase. In the next section, the
result of the comparison study with tabu search is de-
scribed in order to verify the effectiveness of the im-
proved method.

4 CASE STUDIES

In order to verify the effectiveness of proposed me-
thod, the comparison study has been done by using dis-
tribution network model as shown in Fig.9. The base
capacity and voltage of this model is 1 MVA and 6.6
kV. The line impedance between the two adjacent
nodes in the model is 0.31+j0.36 Q. The network has
multi-loop configuration, including 4 substations, 61
nodes, and 67 section switches. Among the section
switches, 10 switches are in open state. As shown in
Fig. A.1, the load at node #i that is equivalent to the 300
houses, P); , and the power generation that is equivalent
to 200 PVs are used in this case study [8]. According
to the reference [8], the maximum active power genera-
tion of PV at node #i, P, , is set 0.69 MW. Then, the
active power output of PV, P, and reactive power out-
put of PV, Q,,, can be expressed by the following equa-
tions.

F,=CP, gi

0, =CF,

it gi

cosd,

sind,
where cosf; is the power factor of PV output on node #i,
C; is the index of PV output on node #i. In the case
studies, C; is specified as 1 when the voltage on node #i
is within the regulated range. If the voltage violation
occurs, the P, and Q. are modulated as follows.
When node voltage is lower than 105 V, the power
factor cosé; is reduced to 0.85. When node voltage
exceeds 107 V, P,; and Q,; are modulated by decreasing
the C; to 0.

We also consider the influence of the Line voltage
Drop Compensator (LDC) at substation. LDC adjusts
the voltage at the sending end of feeder when one of the
average voltage levels at monitoring nodes does not
exist between 102 [V] and 104 [V]. These monitoring
nodes are marked by M in Fig.9.

As the first case study, the computation time to find
optimum topology by tabu search method [9] and the
proposed method and the total PV outputs of the opti-
mum topology are compared. The tabu search is applied
so as to improve the process of loop B in the exhaustive
search in Fig.1. The outline of the tabu search applica-
tion is explained in the appendix.

Table 1 summarizes the total PV outputs and compu-
tation time for the two methods. Fig. 9 shows the ini-
tial topology. Fig. 10 illustrates the final optimal to-
pology found by tabu search. The gray arrows in the
figure indicate the changes in section switch states from
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Figure 9: A distribution network of multi loop configuration
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Figure 10: Topology found by tabu search method
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Figure 11: Topology found by the proposed method

Adopted method Total PV Computation
Output [MW] | Time[sec]
Tabu search 21.63 13.36
Proposed method 21.69 2.71

Table 1:
time

Comparison of total PV output and computation

the initial topology to the final one. The computation
time is 13.36 sec and the total PV output is 21.63 MW.

On the other hand, the final optimal topology found
by the proposed method is illustrated in Fig.11. The
gray arrows show the directions of searching process
from the initial switch states to the final ones. The
proposed method can find the optimum topology with
the computation time of 2.71 sec and the total PV output
of 21.69 MW can be achieved with this topology.

Those results show that the proposed method can
search the optimum topology about 5 times faster than
that of tabu search approach. This is because the tabu
search needs many times of AC power flow calculation
in every searching step.

d=65,Psum:22.32[MW] O Total PV output
time:198.72[sec] O Computation time
224 ( 300
. 223 d=5 2509
2 Psum:22.08[MW] ]
84 —
3 E 222 fime:10.95]sec] 2008
z F 221 1508
ERY 1005
&= Tabu serach g
21.9 50 o
Psum:22.12[MW] O
21.8 AR time:241.73[sec] | 0

Th%qevel4(())f sear6c(L regfls(())n d 100

Figure 12: Topology found by the proposed method

However, the proposed method only needs the AC pow-
er flow calculation for the approximation of the electric
power circuit and the computation of total PV output of
the final topology.

Next, we show the effectiveness of the improved al-
gorithm that is explained in Fig. 8(b). When the num-
ber d of subtrees in the topology searching process is set
5 to 100, total PV outputs and computation time of the
proposed method change as shown in Fig.12. In the
figure, the results of tabu search are also indicated. In
the case of d=5, the total PV outputs is 22.08 MW and
its computation time is 10.95 sec. In the case of d =65,
the total PV output increases up to 22.32 MW and the
computation time is 198.72 sec. It can be said that the
total PV output tends to increase by expanding the solu-
tion space that is searched even if the computation time
becomes long. Compared with tabu search, the pro-
posed method can find the optimal topology faster than
that of tabu search when the number d of subtrees is set
optimally.

5 CONCLUSION

This paper proposes a novel method for radial distri-
bution network to search the optimal topology which
maximizes total PV outputs. The features of the pro-
posed method are as follows. (1) The maximization
problem of total PV output is replaced with a simplified
problem of minimizing the largest voltage difference.
(2) By extending distribution feeders by adding a new
node to the feeders one by one, suboptimum network
configurations can be found out without AC power flow
computation.

Although the case studies in section 4 are based on
the assumption that PV output is predictable completely,
the proposed method can give distribution system opera-
tors how to determine the distribution network configu-
ration that maximizes total PV output without voltage
violation. In addition, the fast computation time of
proposed method allows searching the sub-optimal to-
pology with respect to the varying PV outputs. There-
fore, this method is very useful for the application of
scheduling the distribution network operation by com-
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paring several network configurations with different PV
outputs.

It is necessary to take into account the uncertainty of
PV outputs due to dependency on weather and opera-
tional limits of section switches in actual distribution
network. Therefore, consideration of these constraints
is left as a future work.

APPENDIX
A.1 Load and PV Output data [8]
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(a) Daily load curve (b)PV generation in clear

Figure. A1l. Load and PV generation data

A.2. Outline of Tabu search approach

Tabu search approach is the method which improves
the search process (loop B) in Fig.1. The search process
is as follows.

At first, total PV output of initial topology (network
configuration) is calculated and the topology is added to
tabu list. Next, all the network configurations close to
the initial one are created, and their total PV outputs are
calculated. The configuration that maximizes total PV
output is selected. Then the tabu list is updated and the
suboptimal configurations are searched repeatedly until
stopping condition is satisfied.

The process of searching the configuration S, close
to the initial one can be explained as follows. At first,
an opened section switch between adjacent two nodes #a
and #b is changed to be closed. Next, another closed
section switch between adjacent two nodes #a and #c is
changed to be opened. If the topology S obtained by
the above steps satisfies the network constraints of
Eq.(4) and Eq.(5), then the topology S is regarded as
local optimum topology S,... Although any nodes in
the network can be selected as node #b and #c, as node
#a, the substation node cannot be selected.
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