
 1 

Sectionalizing Strategies for Minimizing Outage Durations of 

Critical Loads in Parallel Power System Restoration
   

 

Weijia Liu1, Zhenzhi Lin1, Fushuan Wen1,2, C. Y. Chung3, Yusheng Xue4, Gerard Ledwich2 

 
1 School of Electrical Engineering, Zhejiang University, Hangzhou 310027, China 

2 School of Electrical Engineering and Computer Science, Queensland University of Technology, Brisbane, Queensland 4001, 

Australia 
3 Department of Electrical Engineering, Hong Kong Polytechnic University, Hung Hom, Hong Kong 

4 State Grid Electric Power Research Institute, Nanjing 210003, China 

 
 

Abstract: Fast restoration of critical loads and non-black-start generators can significantly reduce the economic losses caused 

by power system blackouts. In a parallel power system restoration, the sectionalization of restoration subsystems plays a very 

important role in determining the pickup of critical loads before synchronization. Most existing research mainly focuses on the 

startup of non-black-start generators. The restoration of critical loads, especially the loads with cold load characteristics, has not 

yet been addressed in optimizing the subsystem divisions. As a result, sectionalized restoration subsystems cannot achieve the 

best coordination between the pickup of loads and the ramping of generators. In order to generate sectionalizing strategies 

considering the pickup of critical loads in parallel power system restoration scenarios, an optimization model considering power 

system constraints, the characteristics of cold load pickup and the features of generator startup is proposed in this paper. The 

global-best harmony search (GHS) is employed to solve this optimization model. Initial sectionalizations with temporal 

information and several optimizing strategies considered are also introduced to accelerate the optimization procedure. The 

proposed sectionalizing strategy has been validated with the New-England 39-bus system and the IEEE 118-bus system. Further 

comparisons with some existing methods are carried out as well. 
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1. INTRODUCTION 

 

Despite the fact that modern power systems operate in feasible and reliable environment under the supervision of advanced 

protection devices and control technologies, it is still possible that they are exposed to cascading failures and large-area power 

outages. Several major blackouts have taken place in the past few years, such as the massive blackout in North America on 

August 14, 2003 [1] and a major disturbance in India in July, 2012 [2]. In order to minimize the economic losses caused by 

blackouts, the establishment of effective and rapid power system restoration strategies is becoming a very important issue [3]. 

Power system restoration has always been a complex and diverse problem due to the various dynamic characteristics, operating 

constraints and restoration objectives [4]. As a result, the entire power system restoration process is commonly divided into 

different stages, including startup of black-start (BS) generators, network reconfiguration, the resynchronization of islanded 

subsystems and the restoration of power loads. Considerable research has been done on various stages of power system 

restoration [4]-[13]. 
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The process of power system restoration always takes quite a long time because of lack of operational data and the complexity 

of system restoration itself [14]. Generally, in the early stage of restoration, the blackout area is divided into several restoration 

subsystems to accelerate the restoration speed before they can be synchronized. As a result, the power system restoration 

procedure will be significantly affected by the divisions of restoration subsystems and the restoration sequence of 

non-black-start (NBS) generators as well as critical loads. If the characteristics of cold load pick-up (CLPU) are considered, the 

balance between load restoration and generators' loading will become a more important issue for maintaining the stability of the 

newly restored system. However, most existing sectionalizing methods aim to build an optimized skeleton network or minimize 

the outage times of NBS generators, while the coordination of generator loading and critical load pickup have not been paid 

enough attention. 

Generally, sectionalizing strategies are used in two aspects in power systems: preventing cascading failures and dividing 

restoration subsystems after a blackout. Whenever the system operators detect a potential cascading event, sectionalizing 

strategies will be activated to separate the bulk system into controlled islands so as to prevent a global blackout [15]-[17]. In 

case that a blackout occurs, sectionalizing strategies can also help the operators to accelerate the restoration procedure. This 

paper focuses on sectionalizing strategies during the initial stage of power system restoration that ensure the generating units and 

outage loads resume working as fast as possible, after a global power failure. A mixed integer non-linear programming (MINLP) 

model aiming at minimizing the outage durations of critical loads is presented in this paper, and the global-best harmony search 

(GHS) employed to solve. In addition, several optimization strategies and simplifications are used to speed up the solving 

procedure. 

The remainder of this paper is organized as follows. Section 2 formulates the optimization model with the characteristics of 

cold load pick-up (CLPU) and NBS start-up considered. In Section 3, the GHS method and improvisation strategies are given. 

Section 4 presents the simulation results of the New England 39-bus system and IEEE 118-bus system, and comparisons with 

some existing methods carried out. Conclusions are presented in Section 5. 

 

2. FORMULATIONS OF SECTIONALIZING STRATEGIES 

 

2.1. Characteristics of CLPU and generator loading 

When BS generators resume working after a global blackout, most automatic control devices are under manual control, the 

coordination of power load and generator loading is closely related to startup characteristics of power loads, NBS generating 

units and the frequency response of prime movers [14]. 

 

2.1.1 Characteristic of load pickup 

Appropriate magnitude of load pickup during restoration helps keep the stability of power system and coordination with 

loading of generators. In actual power systems, most loads are supplied by a distribution system concerned, instead of a 

high-voltage transmission system. Thus, the available load capacity directly connected with the transmission system may not be 

sufficient to coordinate the ramping of generating units. As a result, once a bus in the transmission system is restored, the local 

distribution system operator should carry out switching operations to integrate critical loads into the newly restored transmission 

system following the control signal issued by the transmission system operator [18]. 

Typically, the pickup of power loads results in a peak demand inrush of both active and reactive power. This characteristic 

known as CLPU is applicable to loads such as air conditioners, electrical heating and refrigerating devices. The characteristic of 

CLPU must be considered strictly in making restoration plans. Otherwise the overload effect can threaten the stability of the 

power system in restoration. In this work, all critical loads in the blackout area are assumed to have cold load features. 
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The behavior of CLPU is a complex process concerned with environment temperature, outage duration and mechanism of 

cold load devices [19], etc. A simplified power consumption characteristic for CLPU is demonstrated in Eqn. (1) [20]. Assume a 

cold load with rating active power of PCL,N is reintegrated into the restored subsystem at time TS0, and the practical active power 

consumption of this load is denoted as PCL,t at time t. During the period from TS0 to TS1, a peak power consumption estimated as 

KcPCL,N is caused by the effect of CLPU and Kc denotes the overload coefficient of CLPU. The overload effect of CLPU decays 

after TS1 and gradually ends by time TS2. However, a certain amount of loads could not be integrated right at time TS0 due to the 

delay of both breaker operations and the response of electricity consumers. Thus, after the overload effect of CLPU finishes, it 

still takes some time when the power consumption stabilizes at its nominal value PCL,N. As shown in Eqn. (1), the load demand 

slightly increases from KsPCL,N to the nominal load PCL,N during the period TS2 to TS3, and Ks denotes the delay coefficient of load 

pickup. 
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Meanwhile, the reactive power consumption characteristic of CLPU cannot be ignored as it affects the system’s reactive 

power balance and stability of voltages. In this paper, the reactive power consumption characteristic of CLPU is assumed to be 

the same as that of active power. The rating reactive power of the cold loads is denoted as QCL,N, then the reactive power 

consumption at time t which is denoted as QCL,t can also be obtained through overload coefficient and the delay coefficient are 

represented by Kqc and Kqs, respectively. 

 

2.1.2 Startup features of NBS generators 

Generating units with BS capabilities will restart first after a blackout. However, NBS generators cannot resume normal 

operations without startup energies. Moreover, it still takes a certain period of time until the NBS generators are able to output 

power after they are energized. Generally, the duration of generator startup process varies with the type of generators [21], [22]. 

In this paper, all the NBS generators are assumed to be thermal generators, and the simplified startup feature of thermal 

generating units is illustrated in Eqn. (2) [4]. 
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Assume a NBS generating unit is cranked at time TG0, and the active power output of the NBS generating unit at time t is 

denoted as PG,t. From TG0 to TG1, auxiliary equipment is restored and the preparations to start the blackout turbine are made. 

After the turbine start up at TG1, the restored generator picks up the auxiliary loads step by step and is finally able to output 

power by continuous ramping with the ramping ratio of RG. Ideally, the generator will keep ramping continuously until the 

maximum generation output is reached at TG2. Pstart and Pmax denote the start-up power demand and the maximum generation 

output of the NBS generating unit, respectively. 
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2.2. Optimization model of subsystem divisions 

The purpose of an optimal sectionalization is to minimize the outage duration of the critical loads before the synchronization 

of restoration subsystems. As a result, each black-start generating unit will form a restoration island before all the islands can be 

interconnected through synchronization operations. 

For an N-bus power system with M black-start generators, M restoration subsystems can be divided. Assuming that a global 

outage occurs at time T0=0, the objective function shown in (3), representing the weighted sum of outage durations of critical 

loads, is minimized with different restoration priorities. 

,

1

min ( ) ( ) ( )
N

F CL N L

i

K i P i T i
=
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                                    (3) 

where , ( )CL NP i , ( )LT i  and ( )FK i  are the nominal active power of critical load with cold load characteristic, outage 

duration of critical load and the importance coefficient of critical load at transmission node i, respectively. 

Power system security constraints must be strictly respected in optimizing the sectionalization of subsystems due to the fragile 

nature of the newly restored system. The following constraints are considered. 

1) Constraints of multi-period power flow equations: 

( , ) ( , ) ( ) ( ) ( ) ( ) ( ) ( )( cos sin )
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where , 1, 2,...,i j N= , 1, 2,...,m M= ; ( )i tU  denotes the voltage magnitude of bus i at time t; ( )ij tG  and ( )ij tB  stand for real 

and imaginary part of the nodal admittance matrix between node i and j at time t, respectively; ( )ij t  represents the deviation of 

phase angle between node i and j at time t; m  denotes the set of nodes in restoration subsystem m; ( , )G i tP , ( , )L i tP , ( , )G i tQ  and 

( , )L i tQ  represent the active power generation output, active power consumption of critical loads, reactive power generation 

output and reactive power consumption of critical load located at node i at time t, respectively. According to the characteristic of 

CLPU and generating start up, ( , )G i tP , ( , )L i tP , ( , )G i tQ  and ( , )L i tQ  can be obtained from Eqns. (1) and (2). The power flow 

constraints demonstrated in (4) and (5) have to be applied to all transmission nodes in the same restoration subsystem m. 

2) Bus voltage constraints: 

,min ( ) ,maxi i t iU U U 

 

                                        (6) 

where ,maxiU  and ,miniU  denote the maximum and minimum acceptable voltage magnitudes of bus i, respectively. 

3) Frequency stability constraints: 

Typically, the outage time of critical loads will always be prolonged than scheduled because of the limited capabilities of the 

newly recovered power system. As a result, coordination of load pickup, startup features of generators and response of prime 

movers is another important constraint in sectionalizing optimization, as shown in (7). 
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where ( )fK m  denotes frequency response characteristic of generators in subsystem m; maxf  represents the maximum 

acceptable frequency deviation. The constraint in (7) must be accommodated for all t  T0. 

4. Constraints of active and reactive power generation: 

,min ( , ) ,maxGi G i t GiP P P 

 

                                      (8) 
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,min ( , ) ,maxGi G i t GiQ Q Q 

 

                                    (9) 

where ,maxGiP , ,minGiP , ,maxGiQ , and ,minGiQ  denote the maximum and minimum active power output and the maximum and 

minimum reactive power output of generators at node i, respectively. 

5. Constraints of power transmission: 

, ,maxi j t i jS S− −

 

                                       (10) 

where ,i j tS −  and ,maxi jS −  represent the apparent power through transmission line i-j at time t and the maximum transmission 

limit of line i-j, respectively. ,i j tS −  can be obtained from the following equations. 

2 2

, , ,i j t i j t i j tS P Q− − −= +                                       (11) 

2

, ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( cos sin )i j t i t ij t i t j t ij t ij t ij t ij tP U G U U G B − = − +

 

                    (12) 

2 2

, ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

1
( sin cos )

2
i j t i t j t ij t ij t ij t ij t i t ij i t ij tQ U U G B U C U B − = − − −                  (13)

 where Cij stands for the charging susceptance of branch i-j. 

 

3. GHS BASED OPTIMIZATION METHODS 

 

3.1. The global-best harmony search methodology 

The optimization model presented in Section 2 is a non-linear alternating current optimal power flow (ACOPF) problem. The 

value of ( )LT i  are closely related to the sectionalization results, which are represented as integer parameters. Let A and S 

respectively denote the adjacency matrix and sectionalization result matrix, i.e., 

[ ]ij N Na =A

 

                                        (14) 

[ ]mj M Ns =S                                          (15) 

where 
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0, otherwise
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i j
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
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j m
s


= 
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The sectionalization results must be reasonable, or in other words, the network topology must be respected. Define the 

judgment matrix J as 

T( ( ( )))=  J S S SA S                                    (16) 

where J is an M  M matrix;   represents the logical operation of exclusive disjunction, and   the logical operation of 

conjunction. If J contains non-zero elements, the sectionalization results in S are considered as an impractical one, and 

vice-versa. 

Since each substation can only be divided into one restoration subsystem, an integer decision-making variable with the 

sectionalization information will be introduced to transform the optimal division model into a MINLP model. The 

well-established global-best harmony search (GHS) algorithm [23,24] is employed to solve this optimization model. The details 

of the GHS algorithm will not be addressed here, and are available in [23,24]. The GHS based algorithm for optimizing the 

subsystem divisions mainly consists of the following steps: 
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1) Initialize the harmony memory which contains initial sectionalization solutions of subsystem divisions, and the size of 

solutions in harmony memory is denoted as HMS. To accelerate the solving process, the initial solutions will be obtained based 

on the temporal information of restoration operations explained in subsection III.B. 

2) Improvise a new harmony to generate new sectionalization solutions by considering the harmony memory consideration 

rate (HMCR), pitch adjustment rate (PAR) and random selection. Detailed improvisation rules can be found in [23], and the 

improvisation strategies for parallel power system restoration problems are proposed in section III.C. 

3) Update the harmony memory according to the objective function in (3), and terminate the improvisation progress when the 

termination criterion is satisfied, i.e. the specified maximum number of improvisation is reached or the objective function value 

has remained unchanged for a given number of iterations.  

 

3.2. Initial sectionalization of subsystems 

As a heuristic algorithm, the efficiency of GHS in solving the optimal division of restoration subsystems mainly depends on 

the initial sectionalization results and improvisation strategies. Typically, the importance of transmission lines and substations 

are evaluated to form optimal initial results [25]-[29]. However, there are still no unanimous opinions on appropriate 

establishment of weights while evaluating the importance of transmission lines and nodes. 

In order to minimize the economic losses after a major blackout, the restoration duration is employed here to form the initial 

sectionalization results as it directly indicates the restoration speed. Restoration duration is closely related to the complexity of 

switching operations during the stage of restoration subsystem islanding [30]. Generally, the required time duration of restoring 

a substation through a single line can be simplified as: 

R f u cT T T T =  +  + 

 

                                   (17) 

where RT , fT , uT  and cT  represent the time duration of the entire restoration process, duration of switching 

operations and relay reconfigurations, random delay caused by operational uncertainties and stabilization time of charging 

current, respectively. 

The Dijkstra algorithm is chosen to sectionalize the blackout system into subsystems based on the temporal information in 

(17) that ensure the entire system is restored in the shortest duration. If the blackout happens at time T0=0, the ideal restoration 

time of each node will be obtained by utilizing Dijkstra algorithm, and can be expressed by as: 
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T                                     (18) 

where T  denotes the matrix of ideal outage durations of each node by different restoration subsystems, Tim denotes the ideal 

restoration time of outage node i through restoration subsystem m, and i=1,2,…,N; m=1,2,…,M. Thus, if i is allocated into 

subsystem m, the aforementioned model should also consider the temporal constraints of restoration operations, shown as:  

( )L imT i T 

 

                                       (19) 

Particularly, if the BS generator of restoration subsystem m is located at node i, Tim is the self-start time duration of the BS 

generators at node i. An initial subsystem division can be easily obtained by using the ideal restoration time in T. Each outage 

node will first be allocated into the subsystem with the minimum restoration time, and then the restoration paths will be formed 

based on the division of outage nodes. The initial sectionalization results are denoted as S0. 

Moreover, the restoration operations of each subsystem are simplified by ignoring unnecessary transmission paths and 

substations while the outage duration of NBS generating units and critical loads should not be prolonged. Let B0=[b1, b2,…, bN] 
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and F=[f1, f2,…, fN] denote the vector of the initial status of the blackout system and the vector of critical loads as well as the 

generating units, respectively. If a BS generating unit is located at node i, bi=1; otherwise, bi=0. Either a critical load or a 

generating unit is located at node i, then fi=1; otherwise, fi=0. The simplifications can be done by the following steps: 

1) Form the restoration sequence matrix Q, and QT=[B0
T, AB0

T,…, AlB0
T]. l represents the number of restoration path steps. 

Let E=[1, 1,…, 1] be an 1×(l+1) vector. If the equation in (20) doesn’t hold, set l=l+1 until (20) holds. 

( )= F EQ F

 

                                       (20) 

2) If neither a critical load nor a NBS generator is located at j, the restoration of j might be unnecessary, j=1,2,...,N. Eqn. (21) 

is used to examine the necessity of restoring node j. If (21) holds, restoring node j is optional and will not affect the restoration 

of critical loads and NBS generators. 

T( ( ))= − F E Q QID DA F

 

                                (21) 

where D=[d1,d2,…dN] is a unit vector, and dj=1; I is an (l+1)×(l+1) matrix, as shown in (22). 

0

( )l

 
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 

0
I

Diag 0

 

                                     (22) 

where Diag(l) represents a unit matrix of size l.  

3) If the restoration of node j is optional, the updated sequence matrix Q can be obtained by 

T T= − −Q Q QID DA QD D

 

                                (23) 

 

3.3. Improvisation strategies in GHS 

The pickup of critical power loads and restoration of NBS generators may not proceed as fast as it is designed due to the 

limitation of power system stability. As a result, outage durations of critical loads and NBS generators are prolonged to 

accommodate the operating constraints. To reduce the complexity of optimization, priorities of outage duration modification are 

listed as follows:  

1) Postpone the pickup of power loads; 

2) Postpone the restoration of NBS generators; 

3) Postpone the restoration of a transmission path or a substation. 

The pickup of power loads has higher priority to be delayed compared with the restoration of generators because startup of 

blackout generators overweighs other considerations. The delay of transmission path or substation restoration is not considered 

unless postponement of both the critical load pickup and the restoration of generators cannot make the subsystem stable as this 

postpones all restoration operations afterwards. 

Besides, modification of outage durations affects sectionalization of restoration subsystems. For example, when a critical load 

located at node i has been divided into restoration subsystem j in the initial sectionalization first, the lowest boundary of ( )LT i  

is set to Tij, according to the result in (18). After modification of restoration time considering power system constraints, ( )LT i  

is increased to 
*

ijT . If the modified outage duration 
*

ijT  remains the minimum among all ideal outage times through other 

restoration subsystems, sectionalization results of node i are not changed. Otherwise, sectionalization of node i is regarded as an 

optional node. Let 
O  denotes the set of optional nodes in the blackout system, used to guide the optimization of subsystem 

divisions. 

The optional nodes in 
O  are used when new sectionalization solutions are improvised in GHS. Furthermore, the 

improvised sectionalizations must respect the topological characteristic of the system as represented by (16). 
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4. SIMULATION RESULTS 

 

To illustrate the validity of the proposed sectionalizing optimization model, the New-England 39-bus system and the IEEE 

standard 118-bus system served as test cases. Two restoration priority levels are used to define the importance of power loads in 

(3), and ( )FK i  corresponding to the priority level I and II are set to be 1.0 and 0.3, respectively. The parameters of the GHS 

algorithm are set as HMS=20, HMCR=0.9, PAR=0.1. The characteristics of CLPU and generator startup in both cases are 

shown in Table 1. 

 

Table 1. Characteristics of CLPU and generator start up 

TS1–TS0 10 (min.) Kc 2.0 

TS2–TS1 10 (min.) Kqc 3.0 

TG1–TG0 10 (min.) Ks, Kqs 0.8 

 

Table 2. Characteristics of generating units in New-England 39-bus system 

Bus 

No. 
Type 

Pmax 

(p.u.) 

Ramping 

Ratio (p.u./h) 

Pstart 

(p.u.) 

,minGQ

(p.u.) 

,maxGQ

(p.u.) 

30 BS 10.4 2.40 0.0 –2.0 4.0 

31 BS 5.0 1.50 0.0 –0.5 3.0 

32 NBS 7.25 1.80 0.25 –0.5 2.5 

33 NBS 6.52 1.50 0.25 –1.0 3.0 

34 NBS 5.08 1.35 0.20 –0.5 1.5 

35 BS 6.87 1.50 0.0 –1.0 3.0 

36 NBS 5.8 1.50 0.25 –1.5 2.4 

37 NBS 5.64 1.25 0.20 –1.5 2.5 

38 NBS 8.65 2.10 0.30 –1.0 3.0 

39 NBS 11.0 2.50 0.35 –2.5 4.5 

 

Table 3. Characteristics of critical loads in New-England 39-bus system 

Bus 

No. 

Active/Reactive 

Load (p.u.) 

Priority 

Level 

Initial Restored 

Time (min) 

Optimal Restored 

Time (min) 

1 0.15/0.10 II 27.9 27.9 

3 0.46/0.22 I 26.1 26.1 

4 0.58/0.17 II 32.0 41.1 

7 0.50/0.23 II 28.5 28.5 

8 0.73/0.49 I 33.8 33.8 

15 0.36/0.25 II 42.8 69.7 

16 0.48/0.19 II 70.6 46.3 

18 0.43/0.22 I 70.8 31.9 

20 1.07/0.32 II 84.4 83.3 

21 0.29/0.20 II 34.0 31.1 

23 0.33/0.19 I 30.8 30.8 

24 0.51/0.21 II 37.3 41.0 

25 0.16/0.11 II 25.6 25.6 

26 0.08/0.05 II 35.4 32.8 

27 0.40/0.27 I 76.7 64.2 

28 0.26/0.09 II 66.3 74.4 

29 0.52/0.28 I 45.1 44.6 

39 1.14/0.38 II 80.3 64.2 
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4.1. New-England 39-bus system 

This test case is based on a parallel power system restoration process in the New-England 39-bus system. Characteristics of 

generating units and critical loads are shown in Table 2 and 3, respectively. 

Once a global blackout occurs at T0=0 minute, BS generators in the system start to resupply their auxiliary loads and then help 

restore the rest of the system. The startup speed of BS generators significantly influences the initial sectionalization results of 

restoration subsystems. In this test case, BS generators located at bus 30, 31 and 35 resume working at time 15, 18 and 20 

minutes, respectively. 

After modifying outage durations of all critical loads and NBS generators of the initial restoration subsystems, nodes 4, 8, 15, 

16, 18, 27 and 39 are classified as optional nodes. In the GHS improvisation procedure, these optional nodes will be considered 

in the adjustment and random selection. After applying the proposed GHS methodology, initial divisions of nodes 4, 15 and 27 

are rescheduled while divisions of other optional nodes remain unchanged. In the optimal divisions, the objective value in (3) is 

reduced from 3.75 h to 3.34 h, and this means that the weighted sum of the outage duration of both critical loads is reduced by 

10.9%. The average outage duration of critical loads with the priority level I is reduced by 8.6 min, while that of loads with the 

level II priority slightly increases by 0.1 min. The initial and the optimized subsystem division results of the New-England 

39-bus system are as shown in Figure 1(a) and 1(b), respectively. 
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(a) (b) 

Figure 1. Sectionalization results of the New-England 39-bus system: (a) the initial subsystem divisions; (b) the optimized 

subsystem divisions. 

 

Not all the outage durations of critical loads can be reduced due to constraints of system security and generators' loading 

levels, as shown in Table 3. Several loads with lower priority have to suffer more outage time in order to speed up the 

restoration of NBS generators and more important loads. 

As can be seen from Figure 1, transmission substations at bus 9 and 12 have not been sectionalized to any restoration 

subsystems. The reason is that the absence of these nodes will not affect the restoration process of critical loads and NBS 

generators and at the same time the number of restoration operations is reduced, according to (20)-(23). During the restoration 

process, bus voltages in the New-England 39-bus system are kept within the range of 0.9~1.1 p.u.. The active power output 

curves of each subsystem cannot increase steadily due to the discrete pickup of cold load and the startup features of NBS 

generators, as shown in Figure 2. 
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Figure 2. Active power output of each restoration subsystem and comparison of total active power outputs of the optimized 

results and initial results. 

 

4.2. IEEE 118-bus system 

The standard IEEE 118-bus system data are adopted to test the effectiveness of the proposed sectionalizing method in a 

relatively larger system restoration cases. Five generators located at bus 12, 25, 59, 66 and 100 are assumed to be BS generators 

and they resume normal operations at 15, 10, 25, 20 and 15 minutes after the blackout happens, respectively. 

Figure 3 shows sectionalization results of restoration subsystems after optimization by the proposed model. The differences 

between the initial subsystem divisions and the optimized ones are listed in Table 4. After applying the proposed optimization 

model, the objective function value in (3) is reduced by 18.2%, i.e. from 4.67 h to 3.82 h. The average outage durations of 

critical loads with the priority level I and II are reduced by 8.5 min and 12.4 min, respectively. Despite that the decrease of 

outage durations of the most important loads with the priority level I is not as much as that of loads with the priority level II, the 

average outage duration of NBS generating units is significantly reduced from 38.4 minutes to 33.9 minutes. 

 

Table 4. Differences between the optimized and initial subsystem divisions in IEEE 118-bus system 

Bus 

No. 

Initial 

Division 

Optimized 

Division 

Bus 

No. 

Initial 

Division 

Optimized 

Division 

19 I II 76 V IV 

34 I II 77 V IV 

36 I II 78 V IV 

39 II IV 79 V IV 

60 III IV 80 V IV 

75 II IV 118 II IV 

 

4.3. Comparisons and Discussions 

The effectiveness of the proposed method is compared with other methods for parallel restoration subsystem divisions in 

[26,27,29]. Comparisons are carried out for the test case of the IEEE 118-bus system, and the average outage duration of NBS 

generators and critical loads are used as comparison indexes, as listed in Table 5. The total active power consumptions during 

the restoration procedure by using different methods are shown in Figure 4. 

As shown in Table 5, the obtained outage durations of NBS generating units by employing different sectionalizing methods 

do not have much difference, because the fast restoration of NBS units is always the major objective of power system 

restoration. In term of restoring critical loads, however, the proposed method shows significant advantages over the others. In 
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practice, it is reasonable for system operators to pick up only a few important loads in the islanded stage of power system 

restoration, since the restored system is still weak and has limited generation capacity. In the proposed method, since different 

restoration priorities are defined, the critical loads with level I priority can be picked up much faster, compared with the other 

methods. 
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Figure 3. The optimized sectionalization results of the IEEE 118-bus system. 

 

 
Figure 4. Comparison of the total active power outputs of the sectionalization results in 118-bus system optimized by the 

proposed model and the other models in [26], [27] and [29]. 
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Generally, the power loads after a blackout are unlikely to change continuously due to the operation of switches, 

characteristics of cold loads, lack of automatic control devices and unpredictable behaviors of electricity customers [18]. Thus, 

the pick-up characteristics of loads and the balance between generation and demand are the most important factors that will 

affect the restoration process and determine the loading of generators. This is the main reason why the average outage duration 

of critical loads vary much more significant than that of NBS generating units in Table 5. As shown in Figure 4, the total active 

power consumption increases faster by applying the method in [26] than the proposed method at the beginning, while the 

restoration speed turns slower afterwards. This is caused by the imbalance between the generators’ ramping and the pickup of 

loads. Even though a substation supplying a critical load is restored, the load can still not be picked up until the total active 

power output of generating units in the restoration subsystem has reached a certain level. 

 

Table 5. Comparisons of average outage durations between the proposed method and some other methods 

Average Outage 

Duration 

NBS 

Generators 

(min) 

Critical 

Loads 

(min) 

Level I 

Critical Loads 

(min) 

Level II 

Critical Loads 

(min) 

Proposed Method 33.9 50.2 32.0 51.6 

Method in [26] 34.1 52.7 43.2 54.0 

Method in [27] 34.8 54.6 41.2 55.6 

Method in [29] 36.6 67.6 41.8 69.8 

 

5. CONCLUSION 

 

An optimization model is proposed for optimal sectionalization of restoration subsystems in the first stage of power system 

restoration after a global blackout. The presented model focuses on the coordination between the generators' loading level and 

the pickup of critical loads. The global-best harmony search (GHS) is employed to solve the optimization model. Initial 

sectionalizing results as well as improvisation strategies considering power system characteristics are used to speed the solving 

procedure. 

The developed model and method are demonstrated by both the New-England 39-bus system and the IEEE 118-bus system. 

In the proposed method, some important results such as the cranking time of each NBS generating unit and the pick-up time of 

each critical load are provided as well, so as to assist the system operators to effectively carry out the system restoration 

procedure. 
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