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Abstract – When a failure occurs in active distribution system, it will be isolated through the action 
of circuit breakers and sectionalizing switches. As a result, the network might be divided into several 
connected components, in which distributed generations could supply power for customers. Aimed at 
decreasing customer interruption cost, this paper proposes a theoretically optimal island partition 
model for such connected components, and a simplified but more practical model is also derived. The 
model aims to calculate a dynamic island partition schedule during the failure recovery time period, 
instead of a static islanding status. Fluctuation and stochastic characteristics of the renewable 
distributed generations and loads are considered, and the interruption cost functions of the loads are 
fitted. To solve the optimization model, a heuristic search algorithm based on the hill climbing method 
is proposed. The effectiveness of the proposed model and algorithm is evaluated by comparing with an 
existing static island partitioning model and intelligent algorithms, respectively. 
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1. Introduction 
 
Conventionally, power is supplied to electrical customers 

via large central power plants through transmission and 
distribution systems. It has been estimated that 80% of the 
supply interruptions of customers are caused by failures 
that occur in the distribution system. The integration of 
renewable energy and distributed generation with a suitable 
control strategy allows the conventional distribution system 
to operate as an active distribution system. Since the loads 
no longer have only a single power supply path, there is an 
opportunity to decrease the interruption cost of electrical 
customers using power islands when the system undergoes 
some disturbance. 

Islanding operation has received increasing attention. 
In [1], the feasibility and system configuration of adaptive 
intentional islanding operation is demonstrated. Power 
management and control strategies for islanding operation 
have been discussed in [2, 3], and control strategies for the 
automatic reconnection of a micro-grid after intentional 
islanding are proposed in [3, 4]. The optimal dispatch of 
micro-grids operated in islanding model has been discussed 
in [5-7]. The impact of islanding on distribution systems 
has been examined in multiple studies [8-11]. However, in 
[8-11] the economic benefits of islanding have not been 

studied. 
On aspect of optimal island partition, an algorithm able 

to deal with the reconfiguration of distribution systems in 
order to find the optimal combination of micro-grids is 
proposed in [12]. A systematic approach with a view to 
system reliability and supply security for optimal micro-
grid design is presented in [13], while the micro-grids are 
not islanded to deal with failures. Switch placement 
schemes for optimal island partition after fault isolation 
have been proposed in [14]. The tree knapsack problem 
(TKP) is commonly applied for the single-DG optimal 
island partition after failure [15-17], and the TKP is solved 
by branch and bound algorithm in [15], intelligent 
algorithm in [16] and heuristic searching algorithm in [17]. 
However, [14-17] have not considered the fluctuation and 
stochastic characteristics of loads and DGs, and, since the 
models are static, the priorities of different kinds of loads 
are set as constant. In fact, if the customer interruption cost 
is introduced to describe the priority of loads, the outage 
time will affect the relative importance of the different 
kinds of load [18, 19]. The customer interruption cost has 
been considered in network planning [20], reliability 
assessment [21, 22], energy and reserve dispatch [23], 
load shedding [24], nodal price evaluation [25], and feeder 
reconfiguration [26], but the application of customer 
interruption cost in island partition has not been discussed 
in the literature to date. 

Previous island partition studies have assigned constant 
weights for the customers, while by analyzing the customer 
interruption cost data, it can be noticed that the “cost- 
interruption duration” characteristics of different kinds 
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of customers vary widely, and the constant weights are not 
suitable if the interruption duration changes. On the other 
hand, the different “cost-interruption duration” charac-
teristics of customers can be utilized in dynamic island 
partition process to decrease the total interruption cost. 
Based on this observation, this paper proposes an innovative 
optimal island partition method. The contributions of this 
method are as follows: 

(1) Most island partition studies assign constant weights 
for the customers, assume the power of the loads and DGs 
to be constant, and calculate a static island partition status. 
In this paper, the customer interruption cost functions 
which can quantify the impact of outage more precisely 
is fitted, and instead of calculating a static island partition 
status, a dynamic island partition method is proposed to 
determine a dynamic island partition schedule, which can 
utilize the different characteristics of customers to decrease 
the total cost through the “passive cooperation” of the 
customers. Meanwhile, the fluctuation and stochastic 
characteristics of loads and DGs can also be taken into 
consideration in the dynamic island partition. 

(2) Most optimal island partition work is based on the 
TKP model, whereas this paper introduces a new idea to 
describe the structure and power constraint of islands, and 
develops an efficient heuristic search algorithm for this 
model. 

The remainder of this paper is organized as follows. The 
theoretical and practical optimal models of island partition 
are proposed in Section 2 respectively. A suitable algorithm 
based on hill climbing method is then introduced in Section 
3, and simulation results and analysis are presented in 
Section 4. Finally, Section 5 concludes the paper. 

 
 

2. Modelling of Optimal Island Partition 
 
In this section, we concentrate on the scenario whereby a 

network failure has been isolated and some of the loads 
have been restored. For example, in Fig. 1, there is a failure 
in load 7: first, the break circuit (between Bus 0 and Bus 1) 
breaks leading outage of the feeder, then the three 
sectionalizing switches between Bus 7 and Buses 6, 8, and 
28 (marked in red) break to isolate the failure and the break 
circuit (between Bus 0 and Bus 1) closes to restore LP 1-6. 
In conventional systems, the feeder is divided into the four 
connected components shown in Fig. 1. 

If we regard each bus as the vertex of a graph, and 
regard the lines with switches (including circuit breaker 
and the sectionalizing switch) as the edges of a graph, we 
can study the island partition problem via graph theory. We 
now give precise definitions of the terms used in this paper 
[27]. 

Def. 1 Graph: a graph G is an ordered pair (V(G), E(G)) 
consisting of a set V(G) of vertices and a set E(G), disjoint 
from V(G), of edges, together with an incidence function 
ψG that associates each edge of G with an unordered pair of 

(not necessarily distinct) vertices of G. For example, regard 
each bus in Fig. 1 as a vertex and each closed feeder as an 
edge, then the network in Fig. 1 can be abstracted as a 
graph, denoted as G1, seen in Fig. 2. The set V(G1) includes 
Bus 1-29, and the set E(G1) includes all the edges between 
2 adjacent buses. ψG defines the vertices of each edge. For 
example, ψG1 (Edge 1)= (Bus 1, Bus 2), seen in Fig. 2. 

Def. 2 Subgraph: a graph F is called a subgraph of a 
graph G if V (F) ⊆ V (G), E (F) ⊆E (G), and ψF is the 
restriction of ψG to E (F). For example, in Fig. 2 Bus 8, 
Bus 9 and the edge between them constitute a graph, 
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denoted as G2, then G2 is a subgraph of G1. G3 and G4 are 
also subgraphs of G1 in Fig. 2 (the edge set of G3 is 
empty). 

Def. 3 Connected graph: a graph G is connected if, for 
every partition of its vertex set into two nonempty sets X 
and Y, there is an edge with one end in X and one end in Y. 
For example, G1 is not a connected graph because if 
X={Bus 7} and Y= E(G1)/X, then there is not any edge with 
one end in X and one end in Y. However, G2 and G4 are 
connected graphs. 

Def. 4 Connected subgraph: a graph F is called a 
connected subgraph of a graph G if F is a subgraph of G 
and F is connected. For example, G2 and G4 are connected 
subgraphs of G1 while G3 is not. 

Def. 5 Proper subgraph: a graph F is called a proper 
subgraph of a graph G if F is a subgraph of G and F is not 
the same as G. For example, G2, G3 and G4 are all proper 
subgraphs of G1. 

Def. 6 Connected component: a graph F is called a 
connected component of a graph G if F is a connected 
subgraph of G, and F is not a proper subgraph of any 
connected subgraph of G. For example, in G2-G4, G4 is the 
only connected component of G1. 

Under these definitions, the work in this section can be 
described as follows: 

After failure isolation and load restoration, for each 
outage connected component except the failure components, 
select one or more connected subgraph(s) of the component 
as island(s) under the power supply constraints for any 
time during the failure recovery time period so as to 
minimize the customer damage cost. 

 
2.1 Customer interruption cost function 

 
The fitting function of customer interruption cost versus 

interruption duration could be created for particular 
users or groups according to statistical data. The customer 
interruption cost data referenced in this paper are from 
customer surveys conducted by a research group at the 
University of Saskatchewan, Canada [18, 19] (see Table 1). 

After processing these data, functions of customer 
interruption versus interruption duration can be fitted using 
a least-squares method, as shown in Fig. 3. 

Generally, the load is not constant during the period of 
interruption, so the final interruption cost function 
established in this paper is the cost ($ per kW per minute) 
versus the interruption duration (minute), and the unified 
form of the function is: 

,

0 0,
( )

10 ^ ( ln( ) ) / 0,
type

IC type
type type type

t type
f t

t t t typea b

= ÎWìï= í × + > ÎWïî
  

  (1) 
 

where fIC,type is the interruption cost function, t is the 
interruption duration, type represent the type of the customer, 
Ωtype is the set of customer types, including Res, Agr, Ind, 
Com representing for residential, agricultural, industrial 
and commercial customer respectively. The parameters 
αtype and βtype for each customer type are shown in Fig. 3. 

 
2.2 Modeling of distributed generations and loads 

 
As seen in Fig. 1, the renewable DGs considered in this 

paper include photovoltaic (PV) cells and battery (BE) 
systems. Under grid-connected conditions, the PVs are 
controlled to operate at Maximum Power Point Tracking 
(MPPT) mode, and the state of charge (SOC) of the BE is 
100%. When a fault occurs in the network, the DGs which 
are selected in an island switch to island operation mode. 
The BE system adapts the V/f control strategy to ensure a 
stable frequency of the island and suppress the power 
fluctuations of loads and PVs. 

Since the power output of the renewable DG units is 
related to the availability of the primary source, the 
stochastic characteristic of PV power should be considered. 
In this paper, the island is partitioned in an on-line manner 
(after fault location, parallel with the fault isolation 
process), and forecasts of sunlight intensity over several 
subsequent hours is assumed to be relatively accurate. The 
PV output is expected to be normally distributed: 

 
 2

,exp~ ( , )PV PV PVP N P s  (2) 
 

where PPV is the actual PV output, PPV,exp is the expected 
PV output and σPV is the standard deviation.  

As for the expectation of PV, statistical data of average 
summer and winter PV power output from a site in Florida 
are used [28]. 

For the batteries, the SOC can be calculated as: 
 

Table 1. Customer interruption cost ($/kW) 

Interruption duration (min) Customer type 
20 60 240 480 

Residential 0.0309 0.1947 3.884 6.907 
Agricultural 0.3884 0.6156 1.546 2.451 

Industrial 1.947 4.890 8.696 12.28 
Commercial 15.46 30.85 48.90 54.86 
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where PBE is the output of the battery (positive if 
discharging and negative if charging), η is the efficiency, 
and CapBE is the battery capacity. 

The expected values of 4 load types are assumed to 
fluctuate according to a certain trend during the day, and 
because of the inaccuracy of forecasting, the actual customer 
demand will fluctuate around this expected number. The 
load fluctuation curves in a day are presented in Section 4, 
and the stochastic characteristics are expressed by the 
normal distribution: 

 
 2

,exp~ ( , )L L LP N P s  (4) 
 

where PL is the actual customer demand, PL,exp is the 
expected demand, and σL is the standard deviation. 

 
2.3 Theoretically optimal island partition model 

 
As mentioned above, island partition is to select one or 

more connected subgraphs of the connected components 
as island(s) dynamically during the failure recovery period. 
The control variable of this optimization model is the 
schedule for each bus in the connected components: 
during which time periods it is selected in an island and 
during which periods it is not. This schedule can decide the 
island partition status of the whole period precisely. At a 
time section, if a bus is selected, the load connected with 
this bus is considered to be supplied with power, and the 
generator connected with the bus can supply power to the 
island. Theoretically, the load can be selected in an island 
for several time periods during the whole failure recovery 
period and therefore undergo more than one outage. 
Each outage leads to an interruption cost. The customer 
interruption cost is calculated by summing all the 
interruption costs for every load during the failure recovery 
period, so the island partition model can be described as 
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where V0 is the vertex set of the original connected 
components, Ni is the number of outage times of load i, Ts

i,j 
and Te

i,j are the start time and end time of the jth outage of 
load i, PLi(t) is the active power of the load connected with 
bus i at time t, itype is the customer type of load i, fIC,itype() 
is the interruption cost function of load i, and ,i jP  is the 
average active power of load i during time period [Ts

i,j, 
Te

i,j]. Ωcs(t) is the set of component subgraphs that are 
selected as islands at time t, Gk is one of the component 
subgraphs, Vk is the vertex set of Gk, PRO() is the 
probability of the given events occurring, PPVi (t) is the 
power supply of the PV connected with bus i at time t, 
PBEi(t) is the power supply of the BE connected with bus i 
at time t. ε is the confidence interval, which is generally 
less than 0.05. PDis,i and PCh,i are the upper limits of the 
discharge and charge power of the battery connected with 
bus i, respectively. SOCmin is the lower limit of SOC to 
ensure the discharge power of the batteries. 

In Eq. (5) the integral value is the interruption cost of jth 
outage for load in bus i. Eq. (6) ensures the power balance 
of the islands. For a certain moment, the control variable 
(the schedule for each bus) gives the information that 
which buses are selected at that moment, and therefore 
gives the information of the island partition status at that 
moment. The Eq. (6) requires that at any moment, the 
islands determined by the control variable should meet 
the power balance constraint, and ε is the confidence 
coefficient. Considering the power curtailment ability of 
PV, Eq. (6) only requires the net output power in the island 
to be positive. When the load level is too low and the light 
intensity is relative high, the PV output can be curtailed 
to balance the power in the island, and the BE is used for 
fine adjustment. Eq. (7) and (8) are the battery power and 
energy constraints respectively. 

 
2.4 Simplified but more practical model 

 
The theoretically optimal model is established under 

the assumption that the power supply condition of a 
certain load could be changed unlimited times, taking 
maximum advantage of the nonlinear nature of the 
customer interruption cost function to decrease the cost. 
However, this may lead to several problems: 

1) The solution space is infinite-dimensional and the 
structure of the control variables is flexible, making the 
problem too complicated to solve.  

2)  Operating of Sectionalizing switches frequently 
increases the complexity of distribution system dispatch. 

3)  Changing the island area frequently increases 
difficulty of DG power control. 

Because of these issues, a simplified but more practical 
model is given through 3 simplifications: 
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Fig. 4 Time discretization 

 
1) Time discretization: the operation of all switches is 

performed every 15 min, making sure the solution space is 
limited dimensional, seen in Fig. 4. Ts and Te are the start 
and end time of the failure recovery. The open/close 
operation of switches can only happen in the DIPT 
(dynamic island partition timing) points, and during each 
15 min period, the island partition status remains static. 
The last time period might be less than 15 min, which is 
determined by the actual failure repair time. 

2) Assumptions of the BE system: the battery systems 
are equipped specifically for intentional islanding, and 
when the failure occurs in the power system the SOC of 
BE is assumed to be 100%. The vanadium redox flow 
battery is applied in the BE system, which has the ability 
to discharge at rated power for about 10 hours [29]. 
Considering the failure recovery time [30], it is expected 
that the battery systems own the ability to discharge at 
rated power during the whole island partition period.  

3) Power supply constraints of load: the power supply 
period of a bus cannot be divided (see Fig. 5). This setting 
will ensure that the switches are not activated frequently, 
protecting facilities from damage caused by frequent 
start/stop actions. In Fig. 5, the shaded regions represent 
the period during which the bus is selected in an island. For 
the load connected with Bus i, the power supply time 
interval is [Ti

s, Ti
e]. If Bus i is not selected into an island 

at any time, define Ti
s=Ti

e=Ts. There are 5 cases of the 
islanding period distributions, as seen Fig. 5. Each bus 
undergoes (at most) 2 outages: period [Ts, Ti

s] and period 
[Ti

e, Te] respectively. If the length of an interval is 0, i.e., 
Ts=Ti

s or Ti
e=Te, it means the corresponding outage doesn’t 

actually exist.  
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Fig. 5. Power supply constraint 

Under these assumptions, the model can be described as: 
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where, 1

iP  and 2
iP  are the average active power of load 

connected with i during time period [Ts, Ti
s] and [Ti

e, Te] 
respectively. 

Since each load undergoes (at most) 2 outages, the 
expression of interruption cost (Eq. (5)) can be simplified 
as Eq. (9). For the non-existent outage, the corresponding 
interruption cost is 0 (Ti

s-Ts=0 or Te-Ti
e=0). 

Eq. (10) ensures the power balance of the islands. In 
Eq. (6), The inequation ( ( ) ( ) ( )) 0

k

PVi BEi Li
i V

P t P t P t
Î

+ - >å  is most 

likely to be satisfied when PBEi (t)=PDis,i. According to 
simplification 2), the BE systems are assumed to have the 
ability to discharge at rated power during the whole island 
partition period, so Eq. (6) can be weakened as Eq. (10) 
by replacing the actual BE output power PBEi(t) by the 
rated discharge power PDis,i Therefore, the constraints of 
PBEi(t), i.e., Eq. (7) and (8) can also be removed. PBEi(t) is 
not calculated in proposed method, and this work only 
focus on the necessary and sufficient condition to form the 
island. 

As we can see, Eq. (9)-(10) describe a highly abstract 
model that optimizes the islanding duration of all buses in 
the connected component, allowing multiple islands to 
appear in the original component at the same time. The 
control variable includes the islanding time interval [Ti

s, 
Ti

e] for each bus i, and the objective is to minimize the total 
interruption cost. 

 
 

3. Algorithm for the Island Partition Model 
 
Static island partition which can be modelled as a TKP, 

is non-deterministic polynomial (NP)-complete, and the 
dynamic island partition during a time period described in 
this paper is even harder to solve. In this section, an 
algorithm for solving this model based on the hill climbing 
method is proposed. The hill climbing method searches for 
better solutions from the neighbours of current solution, 
and updates current solution by its best neighbour (which is 
feasible and leading to the best result). The proposed 
algorithm is introduced by 4 steps, corresponding to 
initialization, searching direction, feasibility checking and 
termination criterion respectively. 
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Step 1. Initialization: generate an original feasible 
solution. The control variable is the schedule for each bus 
and is expressed as: 

 

 { }1 1 2 2, ... .., , .,  ,s e s e s e s e
i i m mT T T T T T TA Té ù é ù é ù é ù= ë û ë û ë û ë û  (11) 

 
[Ti

s, Ti
e] is the control interval for bus i, meaning bus i is 

selected in an island during time interval [Ti
s, Ti

e].  
The original feasible solution is set as follows: [Ti

s, Ti
e] 

is set as [Ts, Ts] if bus i is connected with the load; 
otherwise, it is set to [Ts, Te]. The physical meaning of 
original solution is: none of the loads are supplied with 
power during the whole period, while some of the PVs and 
BEs are selected in islands by default. This setting 
obviously ensures the power constraint and therefore the 
original solution is feasible. 

Step 2. Search for the neighbours of current solution. 
The hill climbing method search for better solutions from 
the neighbours of current solution, and the definition of 
“neighbour” decides the searching direction. The definition 
of neighbour of a control variable in the island partition 
model is given as follows: 

Def. 7 Neighbour: a control variable B is called a 
neighbour of control variable A if, compared with A,  there 
is one, and only one bus selected into an island for one 
more time interval and the other buses remain the same.  

By this definition, there are following characteristics of a 
‘neighbour’: (1) Neighbour B is “close” to A, because only 
one bus’ condition has changed; (2) There are multiple 
neighbours, because the selected duration of the bus in 
variable B is required to increase by one time interval, but 
need not contain the selected duration of this bus in 
variable A; (3) The neighbour set is finite, as the time is 
discretised by 15 mins in Section 2.4. 

Step 3. Scan the neighbour set for feasible neighbours. 
In this step, the neighbours should be checked whether the 
constraint Eq. (10) is satisfied. The physical expression of 
Eq. (10) is that for each time period, the islands determined 
by the control variable should meet the stochastic power 
balance constraint. Eq. (10) is not explicit, i.e., the Ωcs 
cannot be written explicitly and the probability of random 
events cannot be calculated directly for a given control 
variable. The constraint checking includes 2 steps: 

Step 3.1: For a given neighbour, determine the scope of 
connected subgraph(s) constituting island(s) for each time 
period. According to the control variable, for a certain time 
period the buses selected in islands are determined, and 
denote the selected buses as set Ωsel (t). The process to 
determine the scope of the islands at that time period is in 
Fig. 6. 

By the process in Fig. 6, one or more connected 
subgraphs can be determined to constitute the Ωcs(t) for 
each time period respectively. 

Step 3.2 Transform the stochastic constraint in Eq. (10) 
to be a deterministic one. The process is as follows: 

PPVi and PLi are expected to obey the normal distribution 
(seen in section 2.2): 

 
 2

,exp( ) ~ ( ( ), ( ))PVi PVi PViP t N P t ts  (12) 

 2
,exp( ) ~ ( ( ), ( ))Li Li LiP t N P t ts  (13) 

 
where, PPVi,exp(t) and PLi,exp(t) are the expected values of PV 
output and load connected with bus i at time t, and σPVi(t), 
σLi(t) are the standard deviations of PV output and load 
connected with bus i at time t. According to the probability 
theory:  

 
,

2 2
,exp , ,exp

( ( ) ( ))

~ ( ( ( ) ( )), ( ( ) ( )))
k

k k

PVi Dis i Li
i V

PVi Dis i Li PVi Li
i V i V

P t P P t

N P t P P t t ts s
Î

Î Î

+ -

+ - +

å

å å
 (14) 

 
then the constraint in Eq. (10) can be rewritten as 

 
 ( ( ) 0) 1 , ( )kk CSPRO P t t tGe> > - " " ÎW  (15) 

 
where 

 

 ,exp , ,exp( ) ~ ( ( ( ) ( )),
k

k PVi Dis i Li
i V

P t N P t P P t
Î

+ -å  

 
2 2( ( ) ( )))

k

PVi Li
i V

t ts s
Î

+å  (16) 

 
According to the probability theory, for a normally 

distributed random variable X ~ N (x, σ1), if ε is given, then 
the following formula can determine the value range of x1 

 Initialization 
Take one bus (denoted as Bus1) from Ωsel(t), constituting the 
original connected subgraph. Delete this bus from set Ωsel(t).

If  Ωsel(t)≠Φ 
Take one bus (denoted as Busi) from Ωsel(t)
 If Busi is connected with bus(es) from one and only one
existing connected subgraph

Include Busi to this subgraph
 Else    If  Busi is connected with buses from more than one 
existing connected subgraph

Combine these subgraphs and Busi to constitute a 
new connected subgraph
 Else   If Busi is not connected with any buses from 
existing connected subgraphs

Busi constitutes a new connected subgraph
End

End

End

End
Delete Busi from set Ωsel(t).

Else 
 Group all the connected subgraph as ΩCS(t).

 
Fig. 6 Pseudo code of determining the scope of islands 
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(as seen in Fig. 7): 
 

 1( ) 1PRO X x e> > -  (17) 
 
For example, when ε set as 0.05, Eq. (17) determines the 

value range of x1 as (-∞, x-1.65σ1), and the constraint Eq. 
(15) and (16) can be transformed as: 
 

2 2
,exp , ,exp0 ( ( ) ( )) 1.65 ( ( ) ( ))

k

PVi Dis i Li PVi Li
i V

P t P P t t ts s
Î

< + - - +å  

 , ( )k CSGt t" " ÎW  (18) 
 
In this way, given the value of ε, the stochastic constraint 

has been transformed into an equivalent deterministic one. 
Based on the scope determination and constraint trans-

formation, given a neighbour variable the corresponding 
scope of the islands for each time period can be determined 
and the stochastic power constraint for each island can be 
checked directly, and therefore the feasible neighbours can 
be scanned out from the neighbour set. 

Step 4: termination criterion. If there is no feasible 
neighbour of current solution, return the current solution as 
the final result. Otherwise, calculate the fitness values of 
the feasible neighbours by Eq. (9). Compare the fitness 
value of the best neighbour and current solution: if the 
current solution is better, return the current solution as the 
final result, otherwise, replace the current solution by its 
best neighbour and go to Step 2. 

 
 

4. Case Studies 
 

4.1 Parameter settings 
 
The proposed island partition model is an on-line 

manner and the fault position is generated in real time and 
the failure recovery time is generated considering the fault 
type.  In this paper a modified test feeder based on the 
IEEE-RBTS BUS 6 test system feeder 4 shown in Fig. 1 is 
used to test the island partition method. The failure 
occurred in the 11kV feeder line connected with LP 5 at 
08:00 (in summer) and the failure duration is 5 h [30]. First, 

the break circuit (between Bus 0 and Bus 1) breaks leading 
outage of the feeder; second, the sectionalizing switches 
between Bus 5 and Bus 4, 6 break to isolate the failure; 
third, the break circuit (between Bus 0 and Bus 1) is closed 
to restore LP 1-4. At this point, Buses 6-27 constitute an 
outage connected component with DGs, and the purpose of 
island partition is to select one or more connected 
subgraph(s) of this component as island(s).  

Other parameters are set as follows: four distributed 
generation systems including PV and batteries are 
connected with Bus 7, 12, 15, and 23. The load size, 
customer type, and rated capacity of the generators are 
listed in Table 2 and 3. The standard error of the normal 
distribution is set to be 10% of the expected value for all 
PVs and loads. The fluctuation trends over a day for 4 load 
types are shown in Fig. 8. 

 
4.2 Optimization results 

 
Using the hill-climbing method proposed in Section 3, 

the islanding time periods of Buses 6-27 are calculated, as 
listed in Table 4. 

The periods 08:00–08:15, 09:00–09:15, 10:00–10:15, 
11:00–11:15, and 12:00–12:15 are selected as examples to 

Percentage of 
cases in 8 portions 

of the curve

Standard Deviations 

Percentiles

Normal, 
Bell-shaped Curve

Cumulative 
Percentages

-4σ -3σ -2σ -1σ 0 1σ 2σ 3σ 4σ

0.1% 2.3% 15.9% 50% 84.1% 97.7% 99.9%

1 5 10 20 30 40 60 70 80 90 95 99

0.13% 2.14% 13.59% 34.13% 34.13% 13.59% 2.14% 0.13%

-3 -2 -1 0 +1 +2 +3Z scores
T scores

20 30 40 50 60 70 80

-4 +4

1.65σ

 
Fig. 7 Characteristics of the normal distribution 

Table 2. Load size and customer type 

Load Number Customer type Load size (kW) 
LP 1,4,8,10,12,17,20,22 Residential 300 

LP 2,6,11,15, 21 Residential 400 
LP  18, 23 Agricultural 600 
LP 14, 3 Agricultural 400 

LP 7 Industrial 2000 
LP 9,13 Industrial 1200 

LP 5, 16, 19 Commercial 700 
 

Table 3. Photovoltaic and battery capacity 

BUS Number PV Rated Capacity 
(kW) 

BE rated power 
(kW) 

BUS 24 2000 300 
BUS 25, 27 1200 200 

BUS 26 1500 300 
 

 
Fig. 8. Fluctuation trends of 4 load types 
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show the power supply condition during the island partition 
time period (see Fig. 9). In Fig. 9, the loads, buses, lines 
and transformers shown in gray are in the outage condition. 
During the period 08:00-08:15, Buses 11–17, 23–29 are 
selected, constituting three islands: the DG connected with 
Bus 25 supplies power for LP 11, 12 (island 1-1); the DG 
connected with Bus 27 supplies power for LP 23 (island 1-
2); and the DGs connected with Buses 24 and 26 supply 
power for LP 13-17 (island 1-3). 

During the period 09:00-09:15, Bus 14 is excluded, and 
island 1-3 is divided into island 2-3 and island 2-4; Bus 10 
is included in island 2-1 and Bus 22 is included in island 2-
2. The changing island conditions in other time periods can 
broadly be seen in Fig. 9, and the exact times at which the 
sectionalizing switches are operated can be calculated 
based on the results in Table 4. 

The following conclusions can be drawn according to 
the island partition schedule: 

1) The island condition differs over the whole period. 
2) An island may be supplied with power by one or more 

DGs. 
3) One certain load may be supplied with power by 

different DGs at different times. For example, at 08:00, LP 
16 is supplied by DGs in Buses 24 and 26; at 11:00, it is 
supplied by DGs in Buses 26 and 27. 

 
4.3 Analysis of the island partition results 

 
Compared with the situation when no DGs operate 

during the outage, the interruption cost decreased from 
$88,811 to $38,804. To evaluate the effectiveness of the 
model proposed in this paper, a static island partition 
model has been taken as the reference model. The static 
model is established and solved as follows: 

1) Case settings: In the static island partition model, the 
power supply areas of each island remain unchanged. To 
satisfy the power supply constraint, each customer’s demand 
is set as the maximum value during the whole time period, 
and the output power of each PV is set as the minimum 
value during the whole time period. The stochastic 
characteristics of PVs and load are not taken into 
consideration.  

2) The weight of each load is calculated using the 
interruption cost functions, where the interruption time is 

the failure recovery time. The optimal island partition 
objective is to maximize the weighted summation of the 

Table 4. Islanding time periods of buses 6-27 

Bus Number Islanding time Bus Numbe Islanding time 
6 10:45-12:45 16 ALL 
7 9:30-13:00 17 8:00-10:45 
8 10:00-10:45 18 None 
9 None 19 10:45-13:00 

10 9:00-13:00 20 10:45-12:00 
11 All time period 21 11:00-12:30 
12 All time period 22 9:00-13:00 
13 8:00-9:30 23 All time period 
14 8:00-9:00 24-29 All time period 
15 8:00-10:45   
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Fig. 9. Power supply condition in 5 time periods 
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loads across all islands. 
3) The model is solved using a two-stage method 

proposed in [15]. 
The results show that the static island partition model 

places LPs 11, 12, 13, 16, and 23 into an island. The 
proposed model and static model are compared in Table 5. 

 
4.4 Comparison with intelligent algorithms 

 
To evaluate the effectiveness of the algorithm proposed 

in this paper, the particle swarm optimization (PSO) and 
genetic algorithm (GA) are also applied to solve the same 
model. All programs are written in MATLAB 2010b, and 
run on a desktop PC with Intel® Core™ i7-2600 3.40 GHz 
CPU and 16 GB kst 4g/1333 RAM. 

The inertia weight in the PSO is set as 0.8 and the 
learning factors are set as 2. Population size in PSO is set 
as 100. The gene size in the GA is also set as 100. Both 
PSO and the GA are run for 300 iterations. 

The proposed algorithm terminated after 193 iterations. 
Fig. 10 shows the interruption cost of the current best 
partition schedule for each iteration of the proposed 
algorithm and existing algorithms. 

The performance of the 3 algorithms, including 
computation speed and solution quality, is summarized in 
Table 6. 

It is clear from Table 6 that the global optimization 
ability of the proposed algorithm is superior to that of PSO 
and the GA. In terms of computation speed, the proposed 
algorithm outperforms both intelligent algorithms. It can be 
concluded that the proposed algorithm is efficient and 
applicable for the island partition model described in this 
paper. 

 
 

5. Conclusion 
 
This paper has presented an island partition method 

for distribution system with renewable energy. Unlike 
previous approaches, the model proposed in this paper 
aims to obtain a dynamic partition schedule instead of a 
static island partition status. 

Customer interruption cost functions are fitted and 
applied in the islanding method. A theoretically optimal 
partition model is firstly proposed and then a practical 
model is presented based on several simplification and 
assumptions. A heuristic algorithm based on the hill 
climbing method is proposed to solve the model. Case 
studies have demonstrated that proposed island partition 
model can decrease the interruption cost when failure 
occurs in the distribution system, and that proposed 
algorithm is efficient and applicable for this model. 

The following aspects are worthy of further study for 
practical application: 

(1) In this paper the type and initial SOC of BE systems 
are specified. In future work, the different types of BE and 
the uncertainty of initial SOC should also be considered. 

(2) Even in the simplified model, the dynamic island 
partition still needs the load transfer switching performed 
frequently, so the feeder automation level of actual 
power system should be considered for practical 
application. The frequency of switching operation can be 
reduced by decreasing the DIPT points, while there is a 
high possibility that this will increase the total customer 
interruption cost. On the other hand, proposed method can 
also be referred in the automation construction of power 
systems. 

(3) The detailed control strategies of PV, BE system and 
load transfer switches need be further studied and the 
influence of protection devices should also be considered 
for practical application in future work. 
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Table 5. Comparison of the proposed model and existing 
model 

 Model proposed 
in this paper 

Static island 
partition model 

Amount of supplied Loads 16 5 
Total supplied time 

(for all loads) 3030 (minutes) 1500(minutes) 

Interruption cost 38,804（$） 54,697（$） 
Cost decrease percent 56.31% 38.41% 

 
Table 6. Performance of proposed algorithm and existing 

intelligent algorithms 
 Proposed algorithm PSO GA 

Computation time 60.03 (s) 90.67(s) 115.25(s) 
Interruption cost 38,804 ($) 52,734($) 44,366($) 

Cost decrease percent 56.31 % 40.62% 50.04% 
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