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Abstract: Distribution system reconfiguration aims to choose a switching combination of branches of
the system that optimize certain performance criteria of power supply while maintaining some spec-
ified constraints. The ability to automatically reconfigure the network quickly and reliably is a key
requirement of self-healing networks which is an important part of the future Smart Grid system. We
present a unified mathematical framework, which allows us to consider different objectives of dis-
tribution system reconfiguration problems in a flexible manner, and investigate its performance. The
resulting optimization problem is in quadratic form which can be solved efficiently by using a quadratic
mixed integer programming (QMIP) solver. The proposed method has been applied for reconfiguring
different standard test distribution systems.
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1. Introduction

The future Smart Grid will be a flexible system that can quickly and reliably be reconfigured [5].
The ability of detecting and responding to system disturbance is an important characteristic of the
Smart Grid network [17]. A large number of automated switching will be required to address the
overload, voltage and phase imbalance issues caused by the presence of frequent plug-in electrical
devices. An efficient distribution system reconfiguration strategy to quickly determine and optimize
restoration plans can significantly improve the quality of the power supplying service. Therefore,
a fully automated reconfiguration system is an important requirement of the Smart Grid which will
be quick as well as reliable so that it should not compromise with the safety issue of the operating
constraints of the whole network.

Network reconfiguration aims to modify the network structure of distribution feeders by changing
the open/close status of the feeders (normally close) and tie (normally open) switches, attempting to
reduce the general losses of the system by relieving the overloading of the network components, along
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with other objectives [23, 4]. Optimal network reconfiguration for loss reduction is a highly complex
combinatorial problem. This is caused by the large number of switching elements in a distribution
network, and the nonlinear characteristics of the constraints that determine the electrical behaviour of
the system. Furthermore, if we consider the other objectives like switching costs, etc, then we end
up with a more difficult multiobjective problem. For this family of problems, several optimization
techniques have been applied. In general, these optimization techniques can be separated into two
large groups [6]: 1) exact methods and ii) approximate methods. The exact methods attempt to find the
global optimal solution by using algorithms similar to the branch and bound. However these methods
can be applied only to simplified models of the electrical network with an approximated loss function.
The approximate methods, on the other hand, use exact model of the network, and sometimes find
a near-optimal solution. But there are no proof (or certificate) of optimality for these approximate
methods; these are mostly heuristics.

The distribution system reconfiguration for loss reduction was first proposed in [23]. This method
starts with a mesh network by considering all switches are closed. It then applies a recursive heuristic
approach to open some switches in attempt to find a configuration with smaller operating loss. Baran
and Wu [4] proposed another heuristic approach for loss reduction based on branch exchange. As ex-
pected, these search techniques, like any other heuristics, do not guarantee global optimization. Genetic
algorithm (GA) often offers a better solution than the heuristic search methods, and takes less searching
time [11]. In [11], the graph and matroid theories have been used to increase intelligence and efficiency
of GA operators. Simulated annealing (SA) has also been used in [20, 21] for network reconfiguration.
SA is known to work well with nonconvex optimization problems, by helping the search algorithms to
escape from local minima. The Ant Colony Search algorithm has also been proposed in [31] to find
a near optimal solution for loss minimization. Many mixed integer programming algorithms, such as
branch and bound, have also been utilized for distribution system reconfiguration [2, 26, 18]. In [26],
an integer interior point method used a branch and bound technique to optimize the multi-objective sys-
tem reconfiguration problem. In [18], the objectives of distribution system reconfiguration and optimal
power flow are considered simultaneously and solve them jointly by using the Benders decomposi-
tion algorithm. Franco et al [12] developed an efficient mixed integer linear programming model for
distribution system reconfiguration by considering the effect of distributed generation. The algorithm
has been tested with both simulated and real radial distribution systems. The Enhanced Gravitational
Search Algorithm (EGSA) has been applied for solving the reconfiguration problems with different
objectives in [29, 19]. The multi-objective reconfiguration framework developed in [29] considers the
distribution line reliability along with two conventional reconfiguration objectives: operation cost and
line loss minimization. The reliability factor is measured as a function of line failure rate, line length,
average reconstruction time and reparation time. The effect of distributed generations on the transient
stability of the distribution system has been considered in [19]. It has been shown in [33] that the
critical clearing times (CCTs) associated with DG units can be used as a measure of the effect of DGs
on the transient stability of system. Therefore, [19] incorporates CCT index of the system as a recon-
figuration factor and solve the underlying multi-objective reconfiguration problem by using EGSA and
fuzzy decision making method. The effect of variable loads on reconfiguration has been considered
in [24] and the underlying problem is solved using an evolutionary GA. Stochastic method along with
GA has been applied in [25] to reduce the power loss and operating cost of distribution system.

In this work, we model different objectives and constraints associated with a typical distribution
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Table 1. Notations.

Symbol Meaning

xT Transpose of a vector.

x* Conjugate transpose of a vector.

X; The ith component of vector x.

D, The element of matrix @ at its i-th row and j-th column.
D, ) i-th row of ®.

0,5 m X n matrix with all components are zero.
L n X n identity matrix.

P; Real power flow in branch i.

0, Reactive power flow in branch i.

Pyi Real load at bus i.

Oni Reactive load at bus i.

r; Resistance of branch i.

X; Reactance of branch i.

S Complex power flow in branch i.

Vi Voltage of bus i.

system reconfiguration problem into a unified mathematical framework. We consider three objectives
of distribution system reconfiguration: i) line loss minimization, ii) load balancing, and iii) switching
cost minimization. At first we consider multiple possible paths to each bus from the substation. We
represent them by a binary path matrix. We then develop an optimization algorithm that choose the best
path from substation to each bus such that the objectives are minimized. One of the principal problems
arises when we incorporate the so called radiality constraint within the mathematical formulation. This
radiality constraint ensures that the network topology is radial. The demand to ensure a radial network
topology is hard to incorporate into the mathematical model in an efficient manner. This limits the
applicability of the existing methods significantly. We handle the constraint by using some binary
variables. The resulting optimization problem has a quadratic form which we solve efficiently by using
mixed integer programming.

2. Problem statement

2.1. Basic power flow equations

Let us consider the radial distribution network in Figure 1. The line impedance of a branch [ is
represented by z; = r; + ix;, and the load at bus i is S y; = Py; + 1Qy;. Power flow in the radial network
can be described by a set of DistFlow branch equations [4]:

P2+ Q7

Piyy :Pi_riT_PNHla (D
Pi+Q;

Qi1 = Qi — XiT — Onist (2)

1
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Figure 1. Single line dlagram of a radial feeder.

Q2
V.2

Vi = VE=2rPi+ x0) + (7 +x) : 3)
where V; is the voltage of bus i. The quadratic terms in the equations (1)-(3) represent the line loss
which are smaller compared to line power P; and Q;. Therefore, by dropping the second order terms
we can produce simplified DistFlow equations [4]:

Pi+1 = Z PNj, (4)
Jj=i+2

Qi1 = ) Owjs )
j=i+2

sz+1 = Vl2 - 2(7','P,' + XiQ,‘). (6)

Also the branch power loss can be approximated as

P2+ Q2
L, = riT = i‘i(Piz + le) p-u. (7N

1

where 7; = %

2.2. Objective terms

Often a distribution system is reconfigured to minimize the total branch power loss of the system:

L= Z L; ®)
i=0

To avoid equipment overload, and ensure the power supply quality, another general objective consid-
ered for system reconfiguration is load balancing [4, 7]. Let S, be the complex power at the sending
end of branch i, and §"* be the KVA capacity of the branch. Then one defines the load balancing
index of branch i as [4, 31]:

€))

S; \* P+
Gi = = — Ql .
Slr.nax (S;nax)z

Clearly, G, is a quantitive measure of the extent to which the branch i is loaded. Then the objective of
load balancing of the whole system would be to minimize the criterion [7] :

I_I})aX G;. (10)
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Note that minimizing the criterion(10) results into a minimax problem.

Another target of distribution system reconfiguration is to restore all consumer service as quickly
as possible. Many factors affect the system restoration time. In many cases, the restoration time can
be improved by minimizing switching operating cost [8, 28]. Let s; be a binary variable, whose value
will be 1 if the state of a switch at branch i is changed in reconfiguration. For example, if the switch
at branch i was normally closed, however, the system reconfiguration demands to open it, then s; = 1.
Otherwise, if the system reconfiguration demands the switch to remain close then s; = 0. Let ¢; be the
cost associated with the state changing of s;. Then the objective of switching cost minimization can be
expressed as to choose s such that

Z CiS; (11)

i=0,+n
is minimized.
Along with these objectives we need to maintain few constraints [31]:
1. Voltage magnitude of each bus must lie within its permissible range.
2. Current magnitude of each branch must lie within its permissible range.

3. Total load of a particular network can not exceed the capacity of the corresponding power source.
4. Distribution networks should be composed of radial structure operation.

3. Problem formulation

3.1. Path matrix

Let us consider a distribution network with n branches (including tie branches), 7z substations and m
distribution buses. Assume that every branch can be closed or opened by a switch placed on the branch.
A path is defined as a directed sequence of connected branches that connects two buses. For example,
in Figure 2, Bus 0 is a substation and Branch 8 is a tie branch. Hence, we have n = 8,m = 1,m = 7.
A possible path from Bus 0 to Bus 3 can be Branchl—Branch2— Branch3. Given a bus [, let v € R"
be a binary vector such that the value of vgl) represents the status of the switch on the branch i of the
network. If vgl) = 1 then the switch on the branch i is closed. Then we use the binary vector v to
represent a particular switching combination of all branches so that the bus / can be reached from a
substation. In other words, a path will be created from the substation to bus / by “selecting the switch
states” in ¥¥. There may be multiple paths between the substation/s and bus I. Suppose, there are g;
possible paths between the substation/s and bus /. Then the ¢; switching combinations are indicated by
{v(l’f)};].’: .- To illustrate with an example let us consider Figure 2 where Bus 0 is the substation. There

are two possible paths between Bus 0 and Bus 2, hence ¢, = 2 and
y&D =111000000]"
& =110101101]"
Let us construct m submatrices B, B?, ... B™ such that B® = [y"D p¢2...y¢a)] Then every
column of B? indicates a possible path between the substation and bus /. Now to reach all buses from
the substation in the distribution network we need to select exactly one column from each submatrix

{B®}n . Note that, by selecting more than one columns from a submatrix, we create one or more self
loop/s in the system, thereby violating the required radial topology.
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Figure 2. Single line diagram of a distribution system. Bus 0 is a substation and Branch
8 is tie branch.

3.2. Radial constraint

Different methods can be used to avoid loop in the network topology. For example, the procedure
used in [32, 3, 27] construct an initial network by closing all tie and branch switches of the distribution
system. Then they count the number of switches in every potential loops in the network. The main
principle of avoiding loop in the final distribution network is to ensure that there should be at least one
open switch in each potential loop of the network. The procedure needs to know the status of each
switch to ensure the radial constraint. In this work, we shall develop a methodology that can maintain
radial constraint of the network by using the path matrix B.

To enforce the the radial topology mathematically, let us construct

B= [B(l), B(l), . _B(m)]’

where B € R"M and M = g, + g» + - - - . Let z € R be a binary vector which is acting as a column
selector of B. If z; = 1 then the i-th column of B is selected. For example, in Figure 2 we can construct,

11 11 11 11 11 11
10 10 10 10 10 10
01 10 10 10 10 10
00 00 11 00 00 00
01 01 01 01 01 01 (12)
01 01 01 10 01 01
00 00 00 00 00 11
01 01 01 10 10 10

——— —— —— —— —— —— ~——
B B@ B® B& BO) B©) B

=
I
=NeNe e el Nel =

Since the test system in Figure 2 has m = 7 buses, the matrix B is concatenation of 7 submatrices
B = [BY,B? ... BD]. Note that the matrix B has total M = 13 column and every columns repre-
sents a possible path between the substation node to a particular bus. Therefore, the vector z has 13
components. Now if z3 = 1 then the 3rd column of B will be selected and hence we choose the path
Branchl—Branch5— Branch6—Branch8—Branch3 to reach Bus 2.
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Let us partition z as
7= [z(l)z(Z) L. Z(M)]T (13)

where the vector z?) is of length g;. To avoid creating self loops and ensure every bus is reachable we
need to impose the following constraints on z:

qi
>l =1; forl=1,-m. (14)
i=1

However, this constraint is not sufficient to rule out the possibility of generating a loop by two paths
to two different buses. For example, in (12), let z(lz) =0, z(zz) = l,z(13) = 1 and z(23) = 0. Having
z(zz) will select the 3rd column of B, and it allows to reach Bus 2 via the path Branchl—Branch5—
Branch6— Branch8—Branch3, and z(f) = 1 will select the 4th column of B, and it allows to reach Bus
3 via the path Branchl—Branch2— Branch3. The constraint in (14) is satisfied. However, those paths
together create a loop Branchl—Branch5— Branch6—Branch8— Branch3—Branch2—Branchl. To
avoid such situations, we need addition constraints.

To deal with the above issue we introduce the notation of a “subpath”. We say the path associated

with a column v/ is a subpath of the path associated with v if
pER o pd) = V(l’j), (15)

where © denotes the component wise multiplication operator between two vectors. A close inspection
to (15) reveals that v” will be a subpath of v if

1. Both paths start from the same node.

2. Buses visited by path v are also visited by vY. Note that v** may visit additional buses which
are not visited by v\,

3. If the status of a particular branch is ON in path v, then the status of the branch is also ON in
(o,

4. If i # j, then by construction, for a fixed /, v*” cannot be a subpath of v,

If (15) holds, we express this as
P 5 0

For these rules it is clear that, if the path v?/ is a subpath of v?"¥ and the path v®V is activated, then
v is activated as well.

To illustrate the idea with an example, consider again Figure 2 and the associated B matrix in (12).
Suppose we make z'” = 1 i.e, we choose ™. This will select the 4th column of B, creating a path
Branchl—Branch2—Branch3 to reach Bus 3. Now to reach Bus 2 we can choose either v*! (2nd
column of B) or v®? (3rd column of B). But it is readily verified that v>" c y®D_ and vV is already
selected. Hence v*! will be selected automatically, so that we reach Bus 2 via Branchl—Branch2. In
our optimization algorithm we can easily account for the above constraint. When a particular path is

selected, all its subpaths must also be selected. Mathematically, we have the constraint
V(i’k) > V(l’j) N Z;(i) < ZE'I)' (16)
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3.3. Branch power loss

For every bus /, construct a diagonal matrix

U =S nilyxq,-
Then form
UM 0q1><qz e 0q1><qm
g e U S (17)
0(1m><(11 0(1m><(12 U(m)
Let us define
H = BU.

Suppose we have chosen a z satisfying the constraints (14) and (16) to reach all buses of the n branch
m bus radial network. After a few steps of algebra using the simplified DistFlow equations in (4)-(6),
one can verify that the / th component of the product term Hz is equal to power flow via the / th branch.
For the example in Figure 2 if we take z =[1 101010010 10 1]7, then:

i s | P+ 1
ST Sy 1 .Ql
4 P, +10,
ZizaSni P3; +10;
4 ) _
Hz = Zi:3.SNz =1 p,+i0; |- (18)
0 | Py +i0s

Let R be a n X n diagonal matrix where the diagonal components are the branch resistance, i.e.,
Rii=r; fori=1,---,n.
If the constraints (14) and (16) hold, then using (7) and (8), the total line loss is given by
(Hz)'R(Hz) = 2'Wz, (19)

where

W = H'RH
is a known complex-valued Hermitian non-negative definite matrix; it has the form W, + iW;, where
W, is real valued symmetric matrix, and W; is a real valued skew symmetric matrix. Because z is real
valued, "Wz = 0, implying

Wz =7'W,z.

Now the first objective in (8) can be written as

min "W,z (20)

z

subject to z; = {0, 1}, and constraints (14), (16). Note that optimizing (20) is a nonlinear problem
because R is a function of V. However, if we fix the value of V, then the problem can be solved by
using a standard quadratic binary programming solver [1]. In Table 3 we have developed a two step
iterative algorithm to solve the optimization problem in (20).
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3.4. Load balancing
For load balancing, the problem of minimizing the criterion (10) can be formulated as
min y 2D

subjectto, G; <y; Vi
y>0

with the constraints (14) and (16). Recall that the / th component of Hz is equal to the power flow via
the / th branch, see the discussion around (18). Hence, according to (9),

G; = (H(,)2)" (S;“l‘”‘)z (H(i,:)z). (22)
Then (21) can be written as
min y (23)
Zy
. . 1 : :
subject to, (H(i, z)! (S}na")2 (H(i,)2) <y, Vi 24)

y>0

3.5. Switching cost

Recall from (11) that the switching cost depends on a binary vector s, where s; = 1 when the state of
a switch at branch i is changed in reconfiguration. So far we have formulated all optimization problems
in terms of the variable z. To extend our framework to incorporate the switching costs, we first define
a linear map from z to s. First we express the binary vector of branch switch status in terms of z. In
particular,

1. every branch switch of the network is mapped by at least one element of z i.e., z;,
2. every z; must be mapped to exactly one branch switch.

As described in Section 3.1, every row of the matrix B corresponds to a particular branch switch. Let
us define the length L{v-?} of the path generated by a column v/ as the number of branches in that
path. In particular, if 1 denotes the M dimensional vector of all ones, then

Having z(jl) = 1 means that the path associated to v/ is created by closing all the branch switches on
the path. If £{y“?} > 1, there is always a bus /; and an index j; such that v1/) ¢ ) and

_E{v(llajl)} - .[:{V(l’j)} -1, (25)

meaning v-) has only one extra branch than {»/V}. Again, the constraint in (16) implies that when

zi.l) =1, i.e. v/ is selected, then all its subpaths must also be selected. Consequently, if zgl) = 1, then

zi.lll) = 1. Having zi.lll) = 1 requires to close all switches on v/, except the only switch on the branch
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Table 2. Mapping matrix.

Initialization: Define an empty mapping matrix D.
For/i=1---M
1. Consider the /-th column of B.
2.1t Lp() > 1
a) Find a column j of B such that (25) is true.
b) D(:, 1) = B(:;, 1) — B(:, j)
Else
DG, D) = B(,)D)
End If
End For

which is not on v*+/V_ Similarly, if £{z"/V} > 1, then we can find a bus k, and an index j, such that
v(lz,jz) C v(llajl), and

.E{V(lz’jZ)} — _E{v(ll,jl)} -1,

Again, having zlfz = 1 requires to close all switches on vV except the only switch on the branch
which is not on v>/2), The same process continues until the length of the path is one. Thus, in process
of creating the path v, the variable z(/.l) need not be made responsible to close all branch switches.

Instead, it is sufficient that having z;l) = 1 is equivalent of closing the switch in the branch which is in
y:) but is not present in any of its subpaths. For example, in (12), v®:) (4th column of B) is associated
to the path Branchl—Branch2— Branch3. Hence, when z(13) = 1 we select v>", and we need to close
switches on all of these three branches. Again, v'V ¢ y@D ¢ v Now Branch3 is the only branch
in v®Y_ which does not belong to any of its subpaths. Similarly, Branch2 is the only branch in v,
which does not belong to any of its subpaths, while the only branch in ') is Branch1. According to

our proposal, making z(13) = 1 closes the switch in Branch3. But, by (16), z(13) = 1 implies zﬁz) =1,

and thus the switch on Branch2 will have to be closed by z(lz) = 1. As this inductive process continues,
eventually, all the switches in the path Branch1 —Branch2— Branch3 are closed.

Based on the above idea, we develop a generic algorithm in Table 2 to generate a mapping matrix
D such that the product Dz gives the switch status in the network. In particular, Dz is a binary vector,
where, if the j th component of Dz is one, then the switch on the j th branch needs to be closed,
otherwise the switch should be opened. For the radial network in Figure 2, the mapping matrix D, and

switch status of different branches forz =[1101010010101]7 is

(1 00 00 00 00 00 00
[ 1] 0 10 00 00 00 00 00
1 0 01 10 00 00 00 00
1 0 00 00 11 00 00 00
11710 00 00 00 01 00 00 |% (26)
: 0 00 00 00 10 01 00
0 0 00 00 00 00 00 11
?Ei |0 00 01 00 00 10 00 |

D
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Let the state of the switches before reconfiguration be represented by a binary vector d, where d; = 1
denotes the switch in the branch i is closed. Now construct a vector e such that

—1, dl' = 1
€= { 1, otherwise. 27)

Now the change of switching state after distribution system reconfiguration can be represented as
s=d+ EDz (28)

where E = diag{e} and s as in (11).

3.6. Current constraint

As described in Section 2.2, current magnitude of each branch of the final distribution network
must lie within its permissible range. Let Ilmi“, I"™ are the magnitudes of minimum and maximum
permissible current in the branch /. Then the current constraint can be written as

. 1
(™) < (H)2)' S5 (HD2) < (075 V1 29)
l

3.7. Final optimization problem

By combining all objectives the final optimization problem can be represented as

min {1,(z"W,z) + 1,y + 13(cEDzZ)} (30)
.y

subject to z; € {0, 1} and the constraints in (14), (16), (24), (29). Where 7; > 0 is related to the
weighting of different objectives. We can use a mixed integer quadratic programming (MIQP) solver,
like GUROBI optimization solver [1], to optimize (30). The final algorithm is given in Table 3. The
algorithm starts with assuming V; = 1 p.u. After solving (30) in Step 1, the algorithm construct a
distribution network using resultant z. The voltage and current profile of new network is calculated in
Step 3. If the voltages remain their permissible range, then the algorithm update Vl.(’) with the new V;
and go to Step 5. If the voltage constraints are not satisfied then the current solution is not feasible, and
hence the algorithm adds a constraint with (30) to ensure that the current solution will not come again
(Step 4 b)). Step 5 checks whether two successive solutions are same. If two solutions are same then
we get the optimum solution, and the algorithm terminates. Otherwise the algorithm returns to Step 1.

Note that the size of the path matrix B in (12) increases with increasing the number of tie switches
in the distribution network. The interesting fact is that the radial configuration of distribution system
corresponds to a “spanning tree” of a graph representing the network topology [4]. Our problem is to
seek a minimal spanning tree that satisfies the objective and constraints in (30) [4]. The experiment
result shows that the optimization algorithm always try to select a smaller path (i.e., a path with smaller
number of branches) to reach from a substation to a particular bus. Hence, while constructing B in
(12) for large network, we can choose N number of smallest possible paths from the substation/s to bus
[. In this work, we utilize Yen’s k-Shortest path algorithm [34] to find first N shortest paths between
two nodes. In our simulations, we set N = 10.
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Table 3. The Reconfiguration Algorithm.
Initialization: Set Vl.(o) =1;Vi.
Fori=1---¢
1. Set V; = V""" and solve (30) using MIQP with
constraints in (14), (16), (24), (29).
2. Save z\¥ = z, and Construct new network using z.
3. Run load flow and calculate V, I;; Vi.
4. If the voltages remain their permissible range then
a) Set V" = vV v,
b) Add a constraint with (30) such that:
For any solution z, }; "0z, +Y zél)
¢) Goto Step 1.
Else
Set VI = V;; Vi.
End
5.If1>1
a) Compute N, = }; (z;l) - ZE.H)).
b) If N. = 0 Goto Step 6.
End
End For
6. Construct final distribution network using z*.

4. Experimental results

The performance of the proposed method is evaluated by reconfiguring three distribution test sys-
tems: 32-bus [4], 70-bus [9] and 135-bus [16]. The resulting mixed integer quadratic programs in (30)
were solved by using the solver GUROBI [1]. The objective function was modeled by using MATLAB
programming. Load flow solutions were computed using MATPOWER [35]. For load balancing, we
define a balancing index term G such that

P2+ Q7
G= I’Il;f:lX (Slfnax)z :

(31

4.1. 32-Bus System

The 32-bus distribution system is shown in Figure 3. The system consists of one source transformer,
32-bus-bars, and 5 tie switches. The detail data of line impedance and load demand can be found in [4].
The total active and reactive power for the whole system loads are 5048.26 kW and 2547.32 kVAR,
respectively. The current carrying capacity of branch No.l1 — 9 are 400A, and the other remaining
branches including the tie lines are 200A [10].In the following, a line switch between bus j and k is
denoted by (j, k).

Most of the conventional algorithms does not consider optimizing multiobjectives (loss minimiza-
tion, load balancing and switching) at the same time. Hence, for a fair comparison of the proposed
algorithm with other algorithms, at first, we only consider loss minimization. We use the optimization
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Figure 3. Thirty-two bus test system [4].

Table 4. 32-bus reconfiguration results.

Final Saving
Method Losses Open Switches CPU Time (s)
(kW) (%)
Actual Network 202.68 0 (7,20),(8,14),(11,21),(17,32),(24,28) -
Baran [4] 146.83 27.55 (10,11),(27,28),(30,31),(7,20),(8,14) 0.13
Shirmohammadi [30] 140.28 30.78 (6,7),(9,10),(13,14),(31,32),(24,28) 0.14
Goswami [15] 139.55 31.15 (6,7),(9,10),(13,14),(31,32),(24,28) 0.43
Gomes [13] 139.55 31.15  (6,7),(8,9),(13,14),(31,32),(24,28) 0.83
McDermott [22] 139.55 31.15  (6,7),(8,9),(13,14),(31,32),(24,28) 0.91
Proposed 139.55 31.15  (6,7),(8,9),(13,14),(31,32),(24,28) 0.28

in (30) where we set 7y = 1 and 7, = 0, 73 = 0. The initial losses of the test system was 202.68 kW.
Table 4 shows a comparison between various algorithms. As can be seen, the methods of Goswami
[15], Gomes [13], McDermott [22] find the optimum configuration. The Shirmohammadi [30] method
also find a near-optimum solution. In the case, we found that most of the algorithms have obtained
near-optimum solution since the system is small. Table4 also shows the computation times required by
different algorithms for solving the optimization problem. The simulations are performed in MATLAB
using an Intel Core 2 Duo 2.66 GHz processor with 4-GB of memory.

We then overload some buses of the test system and investigate the performance of different al-
gorithms for loss minimization. The output will demonstrate the robustness of different algorithms.
We consider the overloading proposed in [14]. The loads at bus 9 and bus 13 were 60 kW 20 kVAR
and 120 kW 80 kVAR respectively. The load of both buses were changed to 420 kW 200 kVAR. The
initial line losses become 299.94 kW. Table 5 shows a comparison of system reconfiguration perfor-
mance of different algorithms. As demonstrated in [14], the optimum results obtained by using the
exhaustive evaluation algorithm suggests to open (8,9), (13, 14), (27,28), (31, 32), (7, 20). Hence, the
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Table 5. 32-bus Reconfiguration results with bus overloading.

Final Savin

Method Losses & Open Switches CPU Time (s)
(%)

— (7,20), (8, 14), (11, 21)
Actual Network 299.94 0 E é7’7)32()9’ (12 3), 2(%)3 " -
Shirmohammadi [30] 208.5 30.4 E é 6,1 (1))7)( 1(% 41 4263)(27 " 0.16
Goswami [15] 211.4 29.5 Eg’ %?)69(136)3213 " 0.39
Gomes [13] 207.8 30.7 %7?)28()8’ (91)7’(31%) 5 0.89
McDermott [22] 214.8 28.4 81@321’3(2f42827 . 1.02
Proposed 201.2 32.9 ,9), (13, 14), (27, 28), 0.31

(31,32),(7,20)

Table 6. Feeders currents and minimum voltages of 32-bus system with bus overloading.
Current values are in Ampere.

Method Irio Iricis Viin (po0L)
Actual Network 397.34 31.34 0.8714
Shirmohammadi [30] 248.5 166 0.9270
Goswami [15] 327.6 86 0.9269
Gomes [13] 239.8 175 0.9332
McDermott [22] 233.23 1822  0.9107
Proposed 286.7 1264  0.9334

proposed algorithm gets the optimum solution. It saves 32.9% the total line loss. Another interesting
observation is that although McDermott [22] method found optimum solution in Table 4, however, it
shows worst result in Table 5. Table 6 shows the currents of two main feeders before and after system
reconfiguration.

We include the switching cost to the optimization in (30). As demonstrated in [8], we set the
opening cost of a feeder switch is 1 and closing cost of a tie switch is 0.5. In particular, we set

¢ = { 1, If branch i is a line feeder )

0.5, 1if branchi is a tie feeder.

We consider the actual 32-bus system [4] to illustrate the effect of multiobjective optimization on
system reconfiguration. We set different values of 7; (30) to check the performance in Table 7. As can
be seen, the switching cost increases with increasing the loss savings. Another interesting issue is that
if we change the value of 75 from 0.004 to 0.001, the switching cost jumps from 3 to 7.5, whereas the
loss savings increases only 2.4%. This may be an important consideration issue while reconfiguring
distribution system. The effect of load balancing can be visualized effectively when we consider a
distribution system where power is supplied from multiple feeders. In the following, we consider some
multifeeder distribution systems.
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Figure 4. 70-bus test system [9].

4.2. 70-bus system

The 70-bus test system is shown in Figure 4. It is an 11 kV distribution system that has two substa-
tions, 70 buses, 68 feeder lines and 8 tie lines. System data can be found in [9]. The base voltage and
power of the system are 11 kV and 10 MVA respectively. Before network reconfiguration, total loss of
the system was 341.43 kW. Table 9 shows the reconfiguration results for loss minimization by different
algorithms. In the optimization of (30), we set 7; = 1 and 7, = 0,73 = 0. The proposed method rec-
ommends to open the switches (9, 15), (21,27), (28, 29), (43, 38), (40,44), (49, 50), (62, 65), (67, 15).
As can be seen the proposed algorithm can performs better than [9]. We then consider multiobjective
optimization in Table 8. As before, we set the values of ¢; as in (32). There are some interesting
observations. Let us consider the case 7, = 1,73 = 0.01, where we do not consider load balancing i.e.,
7, = 0. The switching cost is 1.5, however the load balancing index is high =0.5476. Again, when we
take 7, = 1, the line loss remain almost same, the value of load balancing index decreases significantly
(G = 0.3646), however switching cost increases to 3. Hence, one case calibrate the value of 7; to reach
a desire target.

4.3. 135-Bus System

To illustrate the performance of the proposed framework in a relatively large network we consider
an 13.8 kV distribution system that has eight substations, 143 buses, 135 branch lines and 21 tie lines
[16]. System data can be found in “http://venus.ece.ndsu.nodak.edu/~kavasseri/reds.html”. The base
voltage and power of the system are 13.8 kV and 10 MVA respectively. The reconfiguration results for
different settings are shown in Table 10.

AIMS Energy Volume 4, Issue 3, 461-480.



0e8°0  LBEOO ¢l (8 IT1) (801 °LOT) SLI9I 9¢cC 10000 O

€868°0  19€0°0 ¢ (8% T11) (TS 90) (LOT ‘901) (TS ‘6%) S ¢87C 10000 1
(66°9€D (LL LT BFTTT) (9€T'SET (LTI 9T (6T1°SOT)

L9€8°0 91€00  S€I ‘(1TT°L6) “(POT “16)°(1TT€9)  “(LOT *901) “(L696) (16°06)  L¥'L  9ST 0 I

(TS 90 ‘(9CT ‘69) ‘(L erT) (TS ‘6¥) “(9€ TE) “(E¥1 “THT)

€690  8L¥0°0 0 0 989¢ 100 1

1500 (%) (MY
(‘nd)"™p D SAYIIMS L], 9S0[D SQUIIIMS J9pag aur uadQ % Ny €1 (3
PUIINS | . | | BUAES [eur

‘uoneziundo aAndRfqonnu YIM S}NSAI UoRLINSYU0INY SNq-S€Y 0T AqeL

SSI6'0  8LIST  SPI  SLIT  ¥'10¢ pasodoig

12160  Lv'LST Syl L0l 6710¢ [6] sed

¥88°0 €991  &'ell 0 ey’ 1pe  FIOMION [EmOY
» (o) D

ASQV WA IsT0Ldyp Ay MGT\/.NW SISSO] POUYIRIN
[eutq

*VOLZ 1€ [G — 0LA ‘T — 14 Jo Koeded Suif1red Judran)) *s)nsa uoneansguoddy snq-(L 6 AqeL

—

Volume 4, Issue 3, 461-480.

AIMS Energy



478

5. Conclusion

The paper presents a mathematical framework for distribution system reconfiguration. The opti-
mization formulation is in quadratic mixed integer form, and we solve them efficiently by using a
solver called GUROBI. In experimental section we demonstrate different aspects of system reconfigu-
rations. The proposed approach considers some practical objectives associated with distribution system
reconfiguration problem and applied it efficiently to reconfigure some realistic test systems. Further-
more, the algorithm is also capable of reconfiguring relatively large scale distribution system such as
135-bus test system. Therefore, the proposed methodology can be applied in practical distribution
system reconfiguration.

Although, the proposed method considers many important reconfiguration factors like brach power
loss minimization, load balancing, switching cost, there exists some others factors that can improve
the reconfiguration performance of real distribution system. For example considering the effect of
adding/removing distributed generations (DGs) on distribution system is a factor that can improve
the reconfiguration performance [19, 12]. The proposed mathematical model is general enough to
incorporate the effect of changing DG connections on the reconfiguration performance. For example,
if the DGs do not affect the transient stability of the whole system significantly we can include an
objective function similar to the switching cost (see Section-3.5) that incorporates the operating cost
of DGs in reconfiguration problem. However, if large number of DGs are connected in the system then
we need to consider their effect on transient stability of the whole system [33, 19]. Similar to [19], we
can consider the critical cleaning time (CCT) index of DG units as a reconfiguration factor to handle
the effect of transient stability. In the future work, we will extend the proposed mathematical model to
incorporate the effect of DGs in reconfiguration.
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