
* Corresponding author : Hongwei Li, email: lhw@swpu.edu.cn 

School of Electrical Information Engineering, Southwest Petroleum University, Chengdu 610500, China. 
 
 

Copyright © JES 2018 on-line : journal/esrgroups.org/jes 
 

Hongwei Li ,* , 

Jiayan Jiang1, 

Shanfeng Lin1 , 
Hairong Zhu1, 

Ning Dai1 

  

 

J. Electrical Systems 14-1 (2018): 13-28 

 

Regular paper 
 

Island Partition of Distribution Network Based on 

Tree Knapsack Model 

 

JES 

Journal of Journal of Journal of Journal of 
Electrical Electrical Electrical Electrical 
SystemsSystemsSystemsSystems    

 

Abstract: With more and more distributed generations (DGs) have been integrated into 
distribution power system (DPN), the island operation mode of DGs provides a new idea and 
method for the power failure recovery of DPN. In this paper, the problem of island partition is 
converted into a tree knapsack problem (TKP) to analyze and solve. Firstly, the original 
network are analyzed and tree knapsack model with a single DG is built. And the depth-first 
dynamic programming algorithm(DFDPA) is introduced to solve the model and to get all the 
initial islands. Then, based on some rules, the initial islands are corrected and some initial 
islands are combined into one island. Finally, it maybe needs do some modifications when 
checking the node voltage limits and the power flow balance constraints, and then the optimal 
island partitions can be obtained. The results from the improved 69-bus test system verified the 
superiority and effectiveness of the proposed method.  

Keywords: Distribution power network(DPN); Distributed Generation(DG); Island partition; Tree 
knapsack problem; Depth-first dynamic programming algorithm(DFDPA) 

Article history: Received 20 Jully2017, Accepted 6  October 2017 

 

1. Introduction 

 
With the growing penetration of distributed generation(DG) into distribution power 

network (DPN), it effectively reduces the influence of distribution network fault and 

failure. DGs are able to provide electricity to users independently and can operate in 

island, so when blackout, it can make full use of the flexibility of DG and form islands as 

soon as possible to quickly restore the power supply of non-fault network, especially the 

load with higher priority. Here, the island means an independent subsystem of the original 

DPN which consists of DG(s) and part of the users and is powered only by DG(s) [1-3].The 

operation of DG is of great significance to improve the power supply reliability, reduce 

the outage cost and the outage frequency [4-6].   

Recently, the island partition strategies of DPN have done the in-

depth research extensively and  a lot of results were obtained. In [7], the influence factors 

of the optimal island partition in DPN are summed up and most relevant methods and 

strategies available are thoroughly analyzed and classified. The advantages and 

disadvantages of those method are discussed and the development tendency are stated. In 

[8], based on the simplified model of DPN, an islanding algorithm is proposed. The 

method adopts the heuristic search strategy according requirements of the power balance 

and power supply reliability. In [9], a two-stage method for optimal island partition is 

proposed based on branch and bound algorithm. In the first stage, an initial island partition 

scheme is acquired through an island isolating process; in the second stage, an optimal 

feasible island partition scheme is obtained after the constraint violations checking and 

adjustment. In [10], the feeder addition problem is proposed for reliability improvement of 

islanded smart distribution systems in power balance condition. Moreover, the feeder 
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addition problem in a popular test system is handled using two different optimization 

methods to balance cost and reliability for utility applications. In [11] an Islanding 

Security Region (ISR) concept to provide security assessment of island operation is 

proposed. By comparing the system operating state with the ISR, the system operator can 

clearly know if it is suitable to operate in island at one specific moment. The Artificial 

Neural Network (ANN) is applied for fast ISR formation.  

Graph theory based models are widely used in island partition. In [12], a novel 

optimum island partition model and its solving method are proposed based on tree 

knapsack problems. The method considers the output fluctuation of DGs and uncertainty 

of loads and can achieve best islanding result. In [13], a novel island partition model based 

on Tree Knapsack Problem(TKP) is presented for DPN with multiple DGs. In the model, 

the power balance, the load priority and the influence of controllable/uncontrollable load 

on island partition are all taken into account. In [14], a rooted tree to model DG island 

partition is proposed according to the radial structure and service restoration process of 

distribution system. The level and directed properties of rooted tree are adopted to reduce 

the solution space from exponential to linear. In [15], with the virtual node and virtual 

demand concepts, an islanding model based on directed graph is introduced and a novel 

island partition strategy is proposed considering the load priority and controllability. In 

[16], a distributed islanding method based on Kruskal algorithm is proposed. The islanding 

scheme is obtained by searching the connected graph according to the islanding principles 

and constrains. In [17], To improve system reliability, the switch placement schemes are 

proposed to form self-supported areas after fault isolation considering the customer 

priority. Graph-based algorithms, which incorporate direct load control, are developed to 

locate switches. In [18], a distributed islanding method is proposed to change the islanding 

problem into minimum spanning tree problem. And the connected graph is searched by an 

improved Prim algorithm to determine effective range of the island. In [19], the principles 

of islanding algorithm are presented and the mathematic model is introduced. The Kruskal 

algorithm based method produces the optimal radial distribution network, then the best 

islanding scheme is solved by an improved genetic algorithm.In [20], the Constraint 

Satisfaction Problem-based method is firstly adopted to create a collection of network 

partitioning results in respect to individual DGs meeting the imposed constraints,the 

process of optimal island partitioning can be obtained with acceptable time complexity in 

large-scale power distribution networks.In [21], the paper changes the islanding problem 

into minimum spanning tree to obtain connected graph, based on inclusion-exclusion 

theorem and dynamic programming theory, the distribution system containing DGs is 

divided into multiple tree knapsack problems. It effectively reduces the overlap between 

the various issues intersect.In [22], an islanding algorithm of distribution network based on 

the community structure of complex network theory is proposed,which can transform the 

islanding problem into community partition problem.In [23],an evaluation method of the 

power supply capacity based on the energy of risk is proposed, it  meets the need of island 

partition for power recovery after a fault  occurring in distribution network. In [24],A bi-

objective optimization model is built; the fixed weight approach, fuzzy membership 

function and Memetic algorithm are employed to solve the islanding problem, the new 

method can converge to an acceptable result rapidly and  better power quality. 
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This paper proposed a improved optimal island partition model of DPN considering 

multiple DGs. The island partition model takes into account the load controllability as well 

as the load priority grade. The ‘search and modification’ strategy is adopted to solve island 

partition problem. That is, the initial island(s) is (are) formed based on some search 

strategies with depth-first dynamic programming algorithm(DFDPA), and then reasonable 

modifying measures are performed to ensure the operation feasibility of each island. The 

effectiveness of the proposed algorithm have been verified by an improved 69-bus test 

system based on the results of comparison with other methods. 

 

2.  Island partition mathematical model 

 

2.1 Tree model description of DPN  

DPNs are always radial and are usually designed with closed-loop structure but 

operated with open-loop structure. There are two normal ways that DGs are connected to 

distribution system: one is directly connected to the bus, as DG1 in Fig.1; the other is 

connected to the feeder, as DG2 in Fig.1.When a DG is chosen as the root node, the load 

nodes (including other DGs) and connection lines are seen as tree nodes and tree branches, 

and then the distribution system with DGs forms a new rooted tree. DG1 rooted tree model 

for DG1 is shown in Fig.2(a). For DG2 rooted tree model, it needs to add an additional no-

load node to the connected feeder, as shown in Fig.2(b). 

2.2 Mathematical model of island partition problem 

After power failure of DPN, the power supply outage district(s) should be 

restored with more possible load as soon as possible. This paper tries to 

synthetically consider the total restored load and as much of the higher grade load as 

possible. Based on the tree structure of outage area, the island partition mathematical 

model can be formulated as (1),  

  
Fig.1  A simple 7-bus distribution system with DGs  Fig.2  the DG1&DG2 rooted tree models 
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Where, V is the set of nodes (including DG nodes) and G is the set of DG nodes; ‘/’ 

means to remove; vx  is a evaluation index,  1=vx  indicates the node is chosen into 

the island and 0=vx  means not; vr  represents the weight of load priority, the higher 

the weight value, the higher the priority; vvv wrc =  is the weight of node v , and vw is 

the total restored load at load v .  

In (1), the aim of the objective function is to maximize the weight that generated 

from the restoration when all the island electrical safety constraints are satisfied. 

Constraint 1 indicates that the DG root node must be chosen into the island; 

Constraint 2 shows that if node v is chosen into the island, all the other nodes before 

v on the path between the root DG and node v must be chosen into the island; 

Constraints 3-5 are island electrical safety constraints; Constraint 6 gives the 

capacity limit of DG, that is, the total load in the island must be less than the output 

active power of DG. In this paper, it assumes that the sufficient reactive power can be 

compensated on the spot, so only the active power is considered. 

Based on the tree model in Fig.2, when the outage area contains only one DG, 

equation (1) can be simplified as equation(2) without considering the electrical safety 

constraints of the island. 
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To solve the problem, it needs to find a connected sub-tree with the maximum 

sum of all node’s weight (must include the DG node) when all constraints are meted. 

Actually, it can be treated as a tree knapsack NP-complete problem (TKP). In ref. 

[25], a depth-first dynamic programming algorithm (DFDPA) for TKP in which both 

of the load iw  and capacity H of node are integer is presented. And the DFDPA can 

be used to solve the optimum island partition problem formulated as (2).  
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3. Model Analysis and simplification 

  

3.1 Processing for no-load node 

In realistic distribution network, there are some nodes without loads which just 

play the connection role in the network. Thus, these nodes can be merged to form 

new nodes with their predecessors. When neglecting the transmission line loss, the 

loads of the new nodes are the loads of the predecessors. After the processing, the 

system structure can be simplified and the higher efficiency of algorithm can be 

obtained to a certain degree because of less unnecessary calculation. 

3.2 Processing for controllable load 

The load controllability refers to whether it can restore just partial load in the 

case of restoration after power failure. If so, the load belongs to the controllable load, 

otherwise, it belongs to the uncontrollable loads. For a specific controllable load, it 

can be fully controllable and partly controllable. The control degree, refers to the 

controllable part dividing by the total load, can be defined to describe the partly 

controllable load. Then, the partly controllable node can be split into one fully 

controllable node and one uncontrollable node.  

 
Fig.3  the splitting of a controllable load 

For example, one 100kW node with the control degree of 60% can be split into 

one fully  controllable 60kW load and one uncontrollable 40kW load. In addition, the 

uncontrollable load is treated as predecessor node and the controllable load as child 

node in this paper during spilting, as shown in Fig.3. Thus, aiming at the algorithm in 

this paper, all nodes will be dealt with like this and only the fully controllable load 

will be considered.    

3.3 Integer processing of node load and DG output power  

DFDPA is an effective algorithm to solve the tree knapsack problem, but all the 

parameters involving in DFDPA are integers, such as node number, node load and 

knapsack capacity, etc. However, the load at each node and output power at the DG 

in an actual DPN are generally not integers, So those parameters need to be 

normalized to be integers. The method adopted in this paper is that: the load at each 

node is rounded up and the DG output power is rounded down. 

3.4 Renumbering for nodes  
It needs to start from root and number the nodes based on the depth-first order 

from 0 to n for DFDPA to solve TKP. But the original numbering of the tree structure 

with DG is not so or unnumbered, so trees need to be renumbered. When DG is 

connected to the substation bus (as Fig.2(a)), the DG rooted bus node. And When DG 

is connected to feeders, the additional no-load node (as Fig.2(b)) is numbered as the 

root node 0. Then other nodes in are renumbered based on the depth-first search 

order. 

3.5 The DG maximum power supply area (MPSA)  
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Because of the output power limit of DG(s), not all the loads of the outage area 
can be restored. So a maximum power supply area (MPSA) can be determined 
according to the capacity of DG and network connectivity. Then the loads outside the 
range of MPSA can be cut off and it is able to reduce invalid computation and 
improve the efficiency. The node set D is defined to describe MPSA. That is, for any 

node d ∈ D , there exists one only path Td between the node d and the root node of 

DG, and the load sum of all nodes in the path Td is less than the DG capacity limit. 
All of those nodes that meet this condition constitute the node set D. 

 
Fig.4 the connected region with a single DG 

The procedure to obtain the set D as follows. Starting from the root node DG, 

along a path based on the depth-first order, searching and determining whether the 

node meet the capacity constraint of DG. If it does, adding the current node into D 

and continuing to search forward to the end node of this path, if not, the predecessor 

of the current node is a boundary point. When the search tree are completed, the node 

set D can be formed and the MPSA is formed. An example is shown in Fig.4 (the 

load of each node and maximum output of DG are marked on the left of each node 

and figures in the circle refer to the node numbers). The nodes connected with 

solid lines mean that they are included in D and other nodes connected with dotted 

lines are not included in D. 

 

4. Island partition algorithm of DPN with DGs 

 

4.1 Initial island partition for a single DG based on DFDPA  

Dynamic programming (DP) algorithm is an effective algorithm to solve 

knapsack problem. DFDPA can be used to solve the previously defined island 

partition problem based on tree knapsack model. For a given tree T=(V,E) rooted at 

node 0, one function can be defined as follows (here, the tree comes from the MPSA, 

that is, V= D),  

( ) { }
0 0

, max | ,0 , , 1
ik

k k

i i p j i i vL
i i

P v h c x x x j k d x h x
= =

= > < ≤ ≤ =∑ ∑     （3） 

Where, { }kLk ,...,2,1,0=  is the subset of V representing labeled (visited) nodes and 

( , )
k kkL LT EL=  is one sub-tree of T. [ , ]P i j  is set as the connected path between node 

i and j. Then, ,( )
kLP v h  means the objection function of TKP for a give capacity h and 

a given node v（ kv L∈ ）. And { }max 0, ,0
nLP H（ ）  is the optimal value of TKP. If there 

are not the islands that meet the capacity constraint, let , -
kLP v h = ∞（ ） , which means the 

load sum of all nodes along the path [0, ]P v is more than the capacity of DG(s).  
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The optimal value 0,
nLP H（ ） ( 0,

V
P H（ ）) can be found applying the following rules 

based on DFDPA. It  composes of two stages : searching for the optimal value and 

obtaining the optimal solution[25]. 

4.1.1 First stage: to search for the optimal values of every nodes in V 

For Vv ∈∀  and a given capacity h, it consists of three steps to determine the 

value of the objection function, that is,  

First step, initialization, 

      
0

0 0      
(0, )

     
L

c d h H
P h

otherwise

≤ ≤
= 

−∞

                                                      （4） 

Second step, forward move to expand the set of labeled nodes 

According to the node’s number order it starts from the first child node of root 

node starting to expand, and then the current visited node k is included as a member 

of set kL . For 0≠k  and Hh ,...,2,1,0= , ( , )LP k h can be evaluated with（5）. 

1

[0, ]

( , )         
( , )

                                      

k

k

L k k k i

i P k
L

P p h d c d h
P k h

otherwise

−

∈

 − + ≤


= 
−∞

∑
                           (5) 

During this forward step, the new(next) node must be an unvisited node. Then, 

the objective function value is the optimal value for the given capacity h and the sub-

tree kL including node k. 

Third step, backward move to revisit labeled nodes 

The aim of this step is to calculate ( , )LP k h ( 1 ( )kL L T k
−

= ∪ ), the objective 

function value of the labeled node kp (the predecessor of node k ), when the current 

node k is the last (leaf) node or all the child nodes have been visited. For 0≠k , 

1 ( )kL L T k−= ∪  and each Hh ,...,3,2,1= , ,( )LP k h  is determined with (6), 

   ( ) { }
1

, max , , ,( ) ( )
kL L Lk kP p h P p h P k h

−
=                                       （6） 

In this step, when visiting the labeled node kp  (the predecessor of node k ), 

,( )LP k h  can be found by comparing the current values associated with two sub-trees about 

kp , one includes node k and the other does not include node k.  

Through all above steps, { }max 0, ,0
nLP H（ ）  can be calculated. In [25], it 

indicates the correctness and validity of the above algorithm and formally proved the 

theorem that { }max 0, ,0
nLP H（ ） calculated here is the optimal value of TKP.  

4.1.2 Second stage: to find the optimal solution 

In first stage, the objective function values for Hh ,...,3,2,1=  all are obtained, 

but to find the optimal solution for TKP need to follow the reverse order of searching 

for the optimal value as many other DP procedures do. To find the optimal solution, 

the index ( , )LI v h  of node v , which corresponds to ,( )LP k h  is defined as follows. 



Hongwei Li et al: Island Partition of Distribution Network Based on Tree Knapsack Model 
 

 20 

Here, , 1( )LI v h =  stands for adding node v  into the optimal solution and , 0( )LI v h =  

stands for not. 

 For the root node, it is, 

0

01       
(0, )

0       otherwise
L

d h H
I h

≤ ≤
= 
                                      

   (7) 

When node v is not the root node, let ( )vTLL v ∪= −1 , and then if (8) is true, 

then node v is selected as a member of the optimal solution, if (8) is not true, node v 

is not selected. 

1

\ \

( , ) ( , )
pv

L v i i L i i

i V L i V L

P p H x d P v H x d
−

∈ ∈

− < −∑ ∑  and
[0, ]

i

i P v

d h
∈

≤∑       (8) 

By judging whether the index ,( )LI v h is 1 or not, it can be simple and intuitive 

to realize the above procedure , as following (9), 

-1

[0, ]

1      ( ,  ) ( ,  );  
( , )

0                      

vL v L j

j P v
L

P p h P v h d h
I v h

otherwise

∈

 < ≤


= 


∑
           (9) 

Following the DFS order in finding the optimal value, the procedure for finding 

the optimal solution which can be regarded as the reverse of depth-first search (DFS) 

order. The node set of optimal solution based on (9) is obtained for each single DG 

and then the initial islands can be formed. 

4.2 Correction, combination and verification of island partition 

Two concepts are defined first: 

Internal boundary(IB) of the island, a node set consists of all the end (leaf) 

nodes in one single island.  

External boundary(EB) of the island, a node set, outside of the island, refers to 

these nodes which belong to node set D of MPSA and are directly connected with the 

node in IB. 

4.2.1 Correction strategies for island partition  

Before initial islands are built, the load at each node is rounded up and the 

DG output power is rounded down. This leads to that the actual demand of loads 

increases and the DG output power decreases (not consider the network loss of the island). 

Thus, there exits surplus power for DG in the initial island as the knapsack can’t be just full 

in knapsack problem. The surplus power in island is defined as the difference between the 

maximum output power of DG and the total load demand in island, as follows (I is node set 

of the island, IIB ⊂  ), 

    ∑−=∆
∈Ii

iwHh                                                               (10) 

In order to maximize the weight(benefit) of the island, the initial island needs to be 

corrected. Two ways can be adopted, one is surplus power filling and the other is load 

replacing. 

For any node Ip ∈  and EBq ∈ , there are four cases when taking the controllability 

of p and q into account. (1) p is controllable and q is uncontrollable; (2) p is uncontrollable 

and q is controllable; (3) p and q are controllable; (4) p and q are uncontrollable. When p 

and q are all uncontrollable for the last case, the island can’t be corrected for the correction 
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requires the controllable loads in island. So, the correction strategies are discussed only for 

the former three cases. According the load priority from high to low, the loads can be 

classified into three levels, from level I to level III. 

Case 1, controllable p and uncontrollable q 

To fill the surplus power is taken into account first. For any Ip ∈  and , if 

hww qp ∆−>  and qp rr <  (those inequalities are to compare the load size and the load 

priorities), then )( hwq ∆−  load in p is removed and replaced by the 
qw  load in q, that is 

the lower priority load in p are replaced by higher priority load in q. Meanwhile, the load in 

p is reduced to )( hwww qpp ∆−−= . In the ideal situation, it can achieve 0=∆h .  

The procedure for the surplus power filling and load replacing is shown in Fig.5 as an 

example. Here, Roman numeral in the brackets means the load priority; Arabic numeral 

refers to the amount of the load; ‘C’ and ‘U’ stand for controllable and uncontrollable for 

node respectively; The solid lines and dotted lines mean that the nodes are included in 

island or not (the same below).   

5h∆ = 0h∆ =

   

5h∆ = 0h∆ =

             
Fig.5 correction with the controllable p   Fig.6 power filling with the controllable q  

  

Case 2, uncontrollable p and controllable q 

To fill the surplus power is also considered first for the controllable q. For EBq ∈ , 

part of the load (equals to h∆ ) or total load (equals to
qw ) in q is directly added to the 

island to fill the surplus power. The procedure is shown in Fig.6 as an example. 

Now considering the load replacing (here, 
qw  refers to the demand after the surplus 

power filling). For Ip ∈  and EBq ∈ , if 
qp rr ≥ , there is no load replacing. If 

qp rr < , the 

load in node p is removed from the island, and if 
pq ww ≤ then the total load in node q is 

added to the island, if pq ww > , then part of load (equals to pw ) in node q is added to the 

island. The procedure is shown in Fig.7 as an example. 

0h∆ =

 
Fig.7 load replacing with the controllable q 

Case 3, controllable p and q 

When 0≠∆h , to fill the surplus power is also considered first for q similarly as case 

2. For the load replacing (here, qw  refers to the demand after the surplus power filling), if 
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qp rr ≥ , there is no load replacing. If 
qp rr < , there are three situations. First, if 

pq ww = , 

the total load in node p is removed from the island and the total load in node q is added to 

the island. Second, if 
pq ww > , the total load in node p is removed from the island and part 

of load (equals to pw ) in node q is added to the island. Third, if pq ww < , part of load 

(equals to qw ) in node p is removed from the island and the total load in node q is added to 

the island. 

 Notice that, in this paper, it just tries to restore the loads of nodes in EB with the 

higher grade during the correction procedure.  

4.2.2 Islands combination for multiple DGs 

When the islands have been corrected, some islands can be combined into one island. 

There are two situations as follows. 

(1) After the islands for each single DG are obtained, there maybe exist the same 

node connected to several DGs. Assuming that the load capacity is L, then the surplus 

power ( ) LkH ×−=∆ 1  when those k islands are combined. (here, k is the number of 

DGs). 

The new IB for the combined island is the union of every IB for each single 

island in which the common node is removed. The new EB for the combined island is 

the union of every EB for each single island in which the nodes connected with the 

common node are removed. That is, 

{ } { }1 2
1 2 ... \ , ,...

k
p p pkEB EB EB EB a a a= ∪ ∪ ∪                               （11） 

Where, ( 1, , )i
pa i k= ⋯  means the connected node with common node p.  

(2) If one node in EB of one island is belonging to the other island, those two 

island are adjacent. To reduce the switch operation number and improve the stability, 

those two island can be combined into one island.  

The new IB for the combined island is the union of every IB for each single 

island in which the adjacent nodes are removed. That is, 

{ } { }1 1 2 2\ \s sIB IB p IB p= ∪                               （12） 

Where, 11 Ips ∈ , 22 Ips ∈ , and 1sp  is adjacent to 2sp . 

The new EB for the combined island is 

{ } { }1 2 2 1\ \s sEB EB p EB p= ∪                                            （13） 

4.2.3 Feasibility check for island partition 

The final islands should satisfy the electrical safety constraints, so it needs to check 

the feasibility of islands. In this paper, the ‘search and modification’ strategy is used to get 

the final optimal island partition scheme. For each corrected island, DG is chosen as the 

slack node. For the combined islands, the maximum output DG is chosen as the slack node 

and other DGs are set as PV nodes. Then, power flow calculation is done to check the 

feasibility of the islands.  

Because the island partition procedures above doesn’t consider the network loss, so if 

the maximal output power of DG(s) is(are) less than the demand because of the network 



J. Electrical Systems 14-1 (2018): 13-28 
 

 23 

loss, then some unimportant (or lower priority, commonly, the level III load) controllable 

load will be shed to ensure the power balance and the node in the IB is considered first for 

load shedding.  

If voltage violations or line overloads occur, it must take the appropriate measures to 

remove those violations to ensure the security operation of each island. The regulating 

measures include voltage regulation with DG or reactive power 

compensation, line overload relieving by load shedding of the downstream area, etc. After 

feasibility checking, the final optimal island partition scheme can be obtained.  

 

5. Numerical tests 
The improved American PG&E 69-bus system is used to test the proposed algorithm, 

shown in Fig.9. Four DGs are added at the nodes 6, 10, 19 and 53. The maximum output 

active powers of DGs are 200kW, 400kW, 300kW and 350kW in turn. And their power 

factors are set to 0.9, 0.85, 0.9 and 0.88 respectively. The loads at nodes 8, 11, 13, 18, 19, 

22, 23, 26, 27, 37, 39, 40, 50 and 54-56 are set as fully controllable load and the loads at the 

rest nodes are uncontrollable. Here, based on the load grade from level I to III, the 

weight of load priority, vr , is set to 100, 10 and 1 respectively. In Fig.9, the nodes 6, 9, 

12, 18, 22, 25, 48 and 53 are set as level I load, the nodes 8, 10, 11, 14, 17, 20, 26, 38, 41-

47 and 54-55 are set as level III load, and the other nodes are set as level II load. 

5.1 the island formation with proposed method    

Now, assuming that a single-phase ground fault occurs between nodes 3 and 4, the 

procedures of island partition formation can be described as follows. （1）to carry out several preprocessing tasks, such as network simplification, 

renumbering, integer processing and determining DG maximum power supply areas 

(MPSAs) of DG1 to DG4 (all of those can be obtain in advance).  （2）to obtain the initial island partition scheme for each single DG based on 

DFDPA, shown in Fig.10.  
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Fig.9 the improved 69-bus test system    

 
Fig.10 the initial island partition for each single DG （3）to correct the initial island with surplus power filling and load replacing 

strategies. 

Taking for example the correction of the initial island 1 for DG1. For the initial 

island1, 1 3.55h∆ = (kW), { }41,42,61 =IB , { }10,43,371 =EB . 

The node 37 is controllable and has the higher grade in EB1, 37 79w =  (kW), so 

first 3.55kW load from node 37 is used to fill the surplus power. Then 1 0h∆ = and 

internal boundary(IB1) for DG1 can be expressed as ( ){ }41,42,55.337,61 =IB .Here, 

37(3.55) means there is an assumed spilting node from node 37 with 3.55kW load 

(similarly below) and now 
37 79 3.55 75.45w = − = (kW).  

Considering the node 42, level III load, 37 42r r> , but 

3742 4.35kW < 75.45kWw w= = . So it can remove node 42 from the island 1 and the 

load in node 42 is replaced with part of 37w  based on load replacing strategy. Then the 

load in node 37, that is, 
37 75.45 4.35 71.1w = − = (kW) and ( ){ }1 6,37 7.9 , 41IB = ..  

Considering the node 41, level III load, 37 41r r> , but 3741 3.6kW < 71.1kWw w= = , 

so node 41 is removed and then 37 71.1 3.6 67.5w = − =  (kW) and ( ){ }1 6,37 11.5IB = .    

Further considering the node 8, level III load, 37 8r r>  and 

378 75kW > 67.5kWw w= = . Then load in node 8 is reduced to 8 75-67.5=7.5w = (kW) 

and the total load in node 37 is included in the island 1. For nodes 10 and 43 in EB1 

are level III load, they don’t need to be considered. So far, the correction of the 

island 1 has been completed. Other islands for DG2-4 can be corrected in the same 

way. The corrected island results for DG1-4 are shown in Fig.11 in which the 

nodes(buses) with the thin line mean that part of load in those nodes are removed.   
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Fig.11 the corrected island for each single DG 

   
Fig.12 the combination of islands for DG1 and DG2 （4）to combine some corrected islands. 

It can be seen from Fig.10, the corrected islands for DG1 and DG2 consists of 

the same node 9. Thus, those two islands can be combined into one island 12. It 

needs to correct island 12 again with the same strategies as above. 

After combining island 1 and island 2, the extra power is 12 30kWh∆ = , and 

{ }12 16,37,40,42,58,55(5.65)IB = , { }12 17,38, 41,43,55(14.35)EB = . Because all the nodes 

in EB12 are level III load, so there are many ways to fill the 12h∆ . Here, in order to improve 

restoration of the higher priority load, the downstream area is considered first. The nodes 

17 and 38 don’t meet the conditions, so load in node 41 is to fill first and 

12 30kW 3.6kW 26.4kWh∆ = − = . Then load in node 43 is to fill and 

12 26.4kW-26.4kW 0h∆ = = . 

Now the surplus power filling is completed and the new external boundary is 

{ }12 17,38,44,55(14.35)EB = . However, at this point, the node 44 is level II load, so it 

needs to carry out load replacing. The closest controllable node that meets the conditions 

for load replacing ( 44 11r r>  and 11 44w w> ) is node 11. Thus, the node 44 is added into 

the island and the load in node 11 is reduced to 33kW. The external boundary is updated 

as { }12 17,38,45,55(14.35)EB =  and all loads are level III, then the combination is ended. 

The final corrected result for island 1&2 is shown in Fig.12.  （5）to check the feasibility of islands. 

The power flow calculation has been done to check the feasibility and it needs to cut 

off some loads in the islands. The shedding loads are 15kW, 6kW and 4kW in nodes 11, 19 

and 50 respectively for the three islands, then all electrical constraints are met. The final 

island partition scheme is shown in Fig.13. 
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Fig.13 the final island partition scheme 

 
Fig.14 the final island partition scheme with method I 

 
Fig.15 the final island partition scheme with method II   

5.2 comparison with other methods   

To illustrate the advantages and shortcomings of proposed algorithm, several other 

typical algorithms, Method 1 in [8], Method 2 in [13] and Method 3 in [18], are chosen to 

analyze and compare from the total restored loads, the proportions for different level loads, 

switch operation number and network loss. 

The final island partition schemes for method 1-3 are shown in Figs.14-16 

respectively. The relative results can be found in Table.1. 

 
Fig.16 the final island partition scheme with method III 

Table.1 the relative results based on different island partition methods 
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Method 
Restored amount 

(kW) 

Proportion for  

level I-III load 

Network loss 

(kW) 

Switch operation 

number 

Proposed 

method 
1229 47.6%(I), 40.7%(II), 11.7%(III) 20.8 12 

Method 1 1178 38.2%(I), 33.7%(II), 28.1%(III) 18.8 10 

Method 2 1220 38.2%(I), 34.1%(II), 27.7%(III) 19.9 9 

Method 3 1208 38.2%(I), 40.7%(II), 21.7%(III) 19.0 10 

The results show, the restored load amount with the proposed method is the maximum 

and much more higher grade load is restored. Although, the restored amount are almost the 

same for method 2 and the proposed method, but there are much more higher priorities load 

restored with proposed method. The reason maybe is that the method 2 just consider the 

surplus power filling but doesn’t consider the load replacing. The methods 1 and 3 restored 

much load with higher grade too, but there is a certain randomness because those two 

methods don’t consider the load level.  

As for other aspects, the proposed method has a little more network loss and 

a bit more switching operations. The reasons are obvious because there are more load 

restored and the load replacing for higher grade load needs more switch operation number.  

In [25], it proved that a TKP can be solved by DFDPA in the time complexity and the 

space complexity ( )nHθ . H is the normalized output power of each DG. So it can be seen 

that the scale of network can be reduced after determining DG maximum power 

supply area (MPSA). And the smaller the scale of network and the DG output power, the 

smaller H. Generally speaking, the capacity of the DG integrated into the low-voltage DPN 

are small. So, the computational complexity of the proposed algorithm is acceptable for 

engineering especially when the parallel computing is adopted for each single island 

partition. 

 

6. Conclusions 

In this paper, the problem of island partition is changed as a tree knapsack problem 

(TKP) and then the depth-first dynamic programming algorithm(DFDPA) is adopted to 

solve the problem. The basic idea and solution procedures are introduced in detail. In order 

to use DFDPA and improve the effectiveness of the algorithm, several preprocessing tasks, 

such as network simplification, renumbering, integer processing and determining DG 

maximum power supply area, are discussed. 

The ‘search and modification’ strategy is used to get the final optimal island partition 

schemes. The initial island(s) is(are) formed based on DFDPA. Then, to make full use of 

the surplus power caused by integer processing the in island and guarantee the restoration 

of higher priority load as much as possible, reasonable correcting measures and an island 

combination are used to maximize the weight(benefit) of the islands. The final island 

scheme is acquired by operation feasibility checking and modifying. 

The improved 69-bus test system are used to illustrate the procedures of island 
formation. By comparing with other algorithms, the superiority and effectiveness of the 
proposed method are highlighted. 
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