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Abstract—In this paper, a new concept of restorability of power
supply (RPS) and the corresponding performance indices are sug-
gested. Load transfer algorithm is used for enhancing the RPS of
distribution systems. Feeder incidence diagram (FID) is proposed
for analyzing the rules for load transfer. The performance indices,
maximal interrupted power (MIP), and maximal number of inter-
rupted customers (MNIC), will be calculated before the restora-
tion operation or apparatus maintenance. These indices can serve
for evaluating the operation status of feeders, estimating the im-
pact of load transfer and switch operation, and assessing the RPS.
They can also be used to optimize the allocation of tie-breakers in
a meshed network. The work is of great significance in distribution
system reconstruction in China.

Index Terms—Distribution systems, load transfer, restorability
of power supply.

I. NOMENCLATURE

Restorability of power supply.
Maximal interrupted power (kW).
Maximal number of interrupted customers.
Feeder incidence diagram.
Maximum rate of interrupted power.
Total active load of feeder(kW).
Index of feeder (node)(kW, kW).
Index of tie-breaker (edge) (kW, kW).
Reserve capacity of feeder(kW).
Sum of all the reserve capacities of the incident
feeders of feeder (kW).

divided by .

II. I NTRODUCTION

T RADITIONALLY, the reliability of distribution systems
is studied from the point of view of system planning and

long-term operation and the corresponding performance indices
are calculated with the statistic and probabilistic method [1], [2].
However, all of these indices are computed based on historical
data and cannot reflect the restorability of power supply (RPS)
of distribution systems in coming duration, which is more im-
portant for the operators.

The RPS of a distribution system is a new concept. The RPS
is the capability of the system to restore the power supply once
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a fault or maintenance occurs. It is the measurement of feasi-
bility of restoration schemes and reflects the states of the coming
duration.

Since the study of RPS is focused on the feasibility of restora-
tion, in this paper, we suggest applying the service restoration
algorithm (i.e., load transfer algorithm), to enhance the RPS of
distribution systems.

In the past decades, a lot of algorithms have been presented
in the area of service restoration [3]–[12], such as genetic
algorithm [3], artificial neural network algorithm [4], heuristic
search [5]–[7], a two-stage strategy [8], tabu search [9],
fuzzy-GA method [10], etc. All of these papers had done
well for the research of service restoration at a certain load
level. Miu and Chiang investigated service restoration with
varying loads [11]. Rolim,et al. presented an intelligent tool
for maintenance scheduling of distribution systems [12].

In this paper, a new heuristic search approach, named feeder
incidence diagram (FID), will be developed to improve the
restorability of power supply in distribution systems.

Both the research of reliability and restorability should study
how to transfer load once faults occur.

There are several ways to study the reliability problem using
load transfer

1) Consider the connectivity and neglect the capacity con-
straint of distribution lines [1].

2) Adopt maximum network flow method to consider the
capacity constraint of distribution lines with network loss
neglected [2], [13].

3) Adopt matrix and dc load flow method for contingency
evaluation [14], [15].

A feasible restoration scheme should have sufficient reserve
capacities of distribution lines and available network connection
relationship. In this paper, based on the service restoration algo-
rithm and the accurate three-phase load flow algorithm, we can
obtain feasible schemes very quickly.

III. PERFORMANCEINDICES OF THERPS

Maximal interrupted power (MIP) and maximal number of
interrupted customers (MNIC) can be used as the performance
indices of the RPS. MIP and MNIC are the maximal values of
interrupted power and customers in a feeder, respectively, after
the load transfer in cases of faults or maintenance. MIP can be
calculated based on the network topology after fault isolation.
Therefore, MIP and MNIC reflect the load transfer capability
of a feeder in the worst outage condition [16]. The less the MIP
and MNIC are, the better the restorability indices are.
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Fig. 1. Illustration of a feeder system.

Considering the load changes in a wide range, the maximum
rate of interrupted power is also used

(1)

where is the maximum rate of interrupted power; is
the total load of the feeder.

There are many ways to enhance the RPS of distribution sys-
tems, such as adding tie-breakers and sectionalizers, building
new distribution lines, and so on, in which the investment is
required. In this paper, we try to improve the RPS via only
changing the structure of distribution systems. Network recon-
figuration can make systems operate more secure and more eco-
nomical. Likewise, we can change the network structure via al-
tering the states of open-close pair of circuit breakers and then
change the load distribution to enhance the RPS. However, it
is extremely time-consuming for validating each possible com-
bination of circuit breakers because of too many combinations.
Even in network reconfiguration algorithm [17], it tries to find
and validate the best scheme from all of the combinations in-
stead of testing each possible combination.

There are three assumptions, based on which we can see
clearly the relationship between the RPS and load transfer and
use FID to do the relevant analysis.

a) The load transfer between two feeders will not change the
incidence relationships among feeders.

b) Neglect the line loss (i.e., the reserve capacity of a feeder
equals to the rated capacity minus total load demand).

c) The RPS of a feeder is directly proportional to the reserve
capacities of its incident feeders.

Assumption A is to reduce the combination number of circuit
breakers. As seen in Fig. 1, when load is transferred from feeder
2 to feeder 1, we should open circuit breaker S5 instead of
S4; otherwise, the incidence relationship between feeder 2 and
feeder 3 will be destroyed. Actually, this assumption implies
that, in normal case the operations of circuit breakers should
not affect the intrinsic structure of the system. The structure
of distribution system should be determined by experienced
operators.

Fig. 2. FID before load transfer (Unit: kilowatts).

The basis of assumption B is that the capacity of a feeder is
limited to the rated capacity of the main feeder. In addition, we
use the minimum rated capacity of the main feeder as the rated
capacity of the feeder.

It is obvious that the performance indices of the RPS, such
as MIP, are mainly determined by the interactive back-up capa-
bility among feeders. Therefore, according to assumption C, if
the reserve capacities of standby feeders are increased, the RPS
of this feeder is increased as well. In fact, this assumption ne-
glects the case that the reserve capacity of standby feeder cannot
be fully used. The positions of tie-breakers will affect the utiliza-
tion of the reserve capacities of the relevant feeders. Assumption
C implies that the placement of tie-breaker cabinets has been op-
timized, and thus, the reserve capacities of feeders can be fully
utilized.

IV. FID FOR ANALYZING THE RPS

Feeders are used as units to calculate the RPS of distribution
systems. In addition, the main method to enhance this capability
is to transfer load among feeders. If we treat a feeder as a node
and the tie-breaker between two feeders as an edge, the feeder
incidence diagram (FID) can be built up as seen in Fig. 2.

The nodes and the edges in Fig. 2 represent the feeders and
the tie-breakers in Fig. 1, respectively. The identifiers in Fig. 2,
such as S24, S26, etc., are the corresponding tie-breakers. Each
node has an index , named feeder index

(2)

where is the reserve capacity of feederand is the sum
of all the reserve capacities of its incident feeders

(3)

The index on edge named tie-breaker index

(4)

where , are the incident nodes of edge; is the load that
can be transferred from feederto feeder .

A. Illustrations

In Fig. 2, the index of node 2 is (100, 350). It means that the
reserve capacity of feeder 2 is 100 kW, the sum of all the reserve
capacities of its incident feeders (feeder 1, 3, and 4) is 350 kW
(sum of 200, 100, and 50 kW). The index of edge S24 is (50,
150). It means that feeder 2 can transfer 50 kW to feeder 1, and
feeder 1 can transfer 150 kW to feeder 2.
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The RPS of a feeder can be improved by reducing the load of
the feeder and increasing the reserve capacities of its incident
feeders. Although it is impossible to reduce the total load de-
mand and increase the total reserve capacities of all the feeders
through load transfer, the distribution of the reserve capacities
of the feeders can be changed via load transfer and the total RPS
of the incident feeders can be improved.

In order to effectively improve the distribution of reserve ca-
pacities and increase the RPS, we have following targets in load
transfer process.

a) After the load transfer, should be increased.
b) After the load transfer, of feeder should not be de-

creased. is defined as

(5)

where is the total load of feeder. Target b assures
that the reserve capacity or the RPS of a certain feeder
will not be weakened by load transfer.

In practical distribution systems, for any feeder, the number
of its incident feeders is usually no more than three. With this
assumption, the load transfer rules are as follows.

1) In the FID, the load should be transferred from the node
with more incident edges to the one with less. If two ter-
minuses of an edge have the same number of incident
edges, the load transfer will not occur.

2) The feeder, which has transferred load to another feeder
with only one edge, cannot receive load from other

feeders to reduce . The purpose is to prevent of
feeder from decreasing.

3) When the feeder with two incident edges connects two
others with three edges, this feeder should divide its re-
serve capacity into two parts evenly and accept the load
from these two incident feeders. The purpose is to raise

and distribute the reserve capacities aver-
agely overall.

We still use Fig. 2 as an illustrative example. It should be
noted that and are the indices in a period, and thus, we
must consider the load variation in the period in our analysis in
case of overloading of feeders during load transfer. Therefore,
the minimum of in the period (i.e., the minimum of the re-
serve capacity of the feeder will be used). Moreover, the breaker
index is set to the minimum of the load transfer as well. Ac-
cording to rule (1), feeder 1 should receive the load from feeder
2 (Close S24 and open S5; transferred capacity is 50 kW), and
feeder 5 should receive the load from feeder 3 (Close S28 and
open S11; transferred capacity is 50 kW). According to rule (3),
feeder 4 should receive the load from feeder 2 and 3, respec-
tively, (Close S26 and open S7, close S27 and S12; both the
transferred capacities are 25 kW). In this way, we can get the
new FID as shown in Fig. 3. After load transfer, is
1350 kW; it is 250 kW higher than that before load transfer. The
corresponding performance indices are listed in Table I.

From Table I, it can be seen that the load transfer based on
the proposed rules can increase not only the reserve capacity of
each feeder but also the total reserve capacities of all the five
feeders. In addition, the rules can also be used in highly loading
cases.

Fig. 3. FID after load transfer (Unit: kilowatts).

TABLE I
COMPARISON BETWEEN THE PERFORMANCE INDICES

BEFORE ANDAFTER LOAD TRANSFER

Through the FID, we can roughly assess the effectiveness of
the load transfer. Eventually, we need to calculate the values
of MIP and MNIC before and after the load transfer to decide
which scheme is better.

V. STEPS OFALGORITHM IMPLEMENTATION

Step 1: Run the dual topology analysis
[18] and power flow [19] , and then cal-
culate the performance indices of the RPS
before load transfer.
Step 2: Based on the network topology, we
can get the corresponding FID. According
to the result of power flow calculation,
we calculate the reserve capacity and the
capacity of the transferable load of each
feeder and other performance indices in
the FID.
Step 3: According to the load transfer
rules, we can develop the scheme of load
transfer (i.e., the operated tie-breakers
and sectionalizers). Moreover, the perfor-
mance indices of FID are recalculated.
Step 4: According to the load transfer
scheme, we carry out the topology analysis
and power flow calculation of local area.
At the same time, we calculate the per-
formance indices of the RPS after the load
transfer.
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Fig. 4. Distribution system before load transfer.

VI. A PPLICATION OF THERPS INDICES

A. Reflecting the Operation State of the Feeder

From the point of view of RPS, the load distribution is very
important for the operation state of distribution systems. With
the load variation, the RPS of the feeder is also changed. These
performance indices can be used as the measurement of the op-
eration state of the feeder.

B. Load Transfer or Switch Operation

Calculate the corresponding performance indices of the
feeder before and after switch operation to determine the
influence of the switch operation to the RPS of the feeder.

C. Optimizing the Placement of Tie-Breakers

Optimizing the placement of tie-breakers to maximize the
RPS of distribution systems is the focus of power supply util-
ities. Through calculating the MIP of the two feeders, which are
the terminuses of the tie-breaker, we can educe the best position
of the tie-breaker.

D. Assessing the Power Restoration Scheme

Through comparing the MIPs and MNICs of different restora-
tion schemes after restoration calculation, one can decide which
restoration scheme is better.

VII. CASE STUDY

One may calculate the RPS before and after the load transfer.
In Fig. 4, using FID, one can get the load transfer scheme of
improving RPS, (i.e., transfer part of the load of feeder 3 to
feeder 2 and 1; transfer part of the load of feeder 4 to feeder
5 and 6).

In this load transfer scheme, close tie-breakers S33, S34, S36,
and S38, and open breakers S14, S15, S24, and S25 in Fig. 4.
Figs. 5 and 6 show the corresponding MIP and MNIC of the
system before and after the load transfer, respectively. It is ob-
vious that after the load transfer, the RPS of the whole system
is improved. The performance indices of single feeder can also
demonstrate this point. Table II shows the change of MIP and

Fig. 5. Comparison between the MIPs before and after load transfer.

Fig. 6. Comparison between the MNICs before and after load transfer.

MNIC of feeder 3 before and after the load transfer. This change
is partly because that feeder 3 transfers a large portion of its load
to other feeders.

Table III shows the RPS of feeder 1 before and after the
load transfer. After the load transfer, the RPS of feeders is im-
proved. This is because the reserve capacities are concentrated
on the feeders with more incident tie-breakers, which makes the
RPS of the whole system increase. In addition, for the receiving
feeders, although its reserve capacity is decreased by accepting
load, the decreasing amount is less than the increasing amount of
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TABLE II
RPSOF FEEDER3 BEFORE ANDAFTER LOAD TRANSFER

TABLE III
RPSOF FEEDER1 BEFORE ANDAFTER LOAD TRANSFER

the reserve capacity of its incident feeders. Therefore, the RPS
of those feeders, such as feeder 1, is not weakened.

VIII. C ONCLUSIONS

In this paper, a new concept of RPS and the corresponding
performance indices are suggested. Feeder incidence diagram
(FID) is proposed for analyzing the rules for network structure
change decision, and a load transfer algorithm is used for en-
hancing the RPS of distribution systems. The performance in-
dices, MIP and MNIC, will be calculated before the restoration
operation or apparatus maintenance. These indices can serve for
evaluating the operation status of feeders, estimating the impact
of load transfer and switch operation, and assessing the RPS.
They can also be used to optimize the allocation of tie-breakers
in a meshed network. The computer simulation results show that
the proposed scheme can effectively enhance the RPS of distri-
bution systems.
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