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Abstract 
 

Outages and faults cause problems in interconnected power system with huge economic consequences in modern societies. In the power 

system blackouts, black start resources such as micro combined heat and power (CHP) systems and renewable energies, due to their self-

start ability, are one of the solutions to restore power system as quickly as possible. In this paper, we propose a model for power system 

restoration considering CHP systems and renewable energy sources as being available in blackout states. We define a control variable 

representing a level of balance between the distance and importance of loads according to the importance and urgency of the affected 

customer. Dynamic power flow is considered in order to find feasible sequence and combination of loads for load restoration.  
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1. Introduction 

The blackout state of a power system is defined as the interruption 

of electricity generation, transmission, distribution and consump-

tion, when operation of the transmission system or a part thereof is 

rendered nonfunctional. A power system blackout can cause seri-

ous consequences by restricted operation of medical facilities, 

road, air, and rail traffic congestion, internet breakdown, and inter-

ruption in manufacturing processes[1], [2]. Therefore, to reduce 

the economic impacts and minimize the adverse consequences 

brought by power system blackout, an efficient power system 

restoration plan is of utmost importance for power system recov-

ery. For power system restoration,The black-start stage as the first 

and important stage determines the total ability and speed of pow-

er system restoration.  

In this stage the power resources which they can start without any 

need to network power plays an important role. On the other hand, 

emerging micro grid technology, which enables self-sufficient 

power systems with distributed energy resources (DERs) such as 

renewable energies and micro combined heat and power (CHP) 

systems, provides further opportunities to enhance theself-healing 

capability [3].Therefore, renewable energies and CHPsystems are 

potential solutions to improve the ability of system black-start 

ability.  

Increasing number of renewable energy integration to the power 

system accords a whole host of advantages, such as economic, 

environmental and technical to power distribution system[4]. 

These power resources as distributed generation (DG) systems 

have been studied with different concepts [5].These energy re-

sources also may be utilized to improve power quality in micro-

grids [6]. A versatile energy management algorithm in addition to 

an efficient forecasting model of renewable energy outputs for 

these energy resources is necessary to improve their application 

[7], [8]. However, the other emerging concepts like electric vehi-

cles and demand side management can be considered as an effec-

tive part in increasing grid reliability and self-healing ability[9], 

[10]. Moreover, fault estimation techniques could be considered as 

prevention to eliminate negative impacts of blackouts [11].  

Because of the growing environmental awareness and the ratifica-

tion of the Kyoto Protocol, CHP systems receives again more 

attention as a way to contribute to the reduction of energy use and 

emissions. This concept renders a bunch of advantages in case of 

economic, environmental, and grid reliability[12] considering their 

optimal scheduling and energy market strategies[13], [14]. A 

comprehensive study on CHP systems including their output and 

market operation model is presented in [15]. Authors developed 

and simulated a novel approach for optimal operation of CHPs in 

electric network. The feasible operation region they introduced for 

CHP systems perfectly describes the CHP systems which it could 

be used for CHP operation modeling for all study areas that they 

include CHP systems. In this paper we will use this model to indi-

cate CHP output. The next stage after black-start scheduling is 

network reconfiguration and load restoration. 

Significant research has been devoted to solving the load restora-

tion problem[16]–[25]. This problem has also been approached 

using the meta-heuristic algorithms[16],fuzzy technology[17], 

multi-agent technologies[18] and other non-structured methods[2]. 

Authors in [20] proposed a new approach based on optimal power 

flow technique to minimize customer load shedding aiming to 

improve load pickup.A software tool to simulate the recovery 

process of smart grid after an accordance of black out is presented 

in [21]. In this paper the black-start capability considered as a 

constant power in the system. Three stage power system restora-

tion considering renewable energies is proposed in [25]. Authors 

considered renewable energies as negative/positive spinning re-

serve power to accelerate the power restoration process, details of 

which can be found in Refs. [1], [2]. 
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1.1 Contributions 

A review of the literature shows that to date, numerous studies 

related to load restoration have focused on the aspects of tradition-

al load recovery. However, by increasing renewable energy 

integrations and CHP systems, impacts of these energy resources 

on power system restoration should be considered as an available 

power source which they can play a direct role in power system 

restoration. Therefore, in modern power system, load restoration 

considering the renewable energies and CHP systems as an avail-

able potential to help for black start stage, need to be carried out 

further. In this paper, by modeling renewable energy and CHP 

systems operation, we propose a new system restoration approach. 

The main contributions of this paper can be listed as: a) Introduc-

ing an optimization model for load restoration incorporating re-

newable energies and CHP systems; b) Considering both load 

importance and the distance of available black-start resources 

from load as control variables for optimization problem; and c) 

Using Greedy algorithm combined with dynamic power flow ap-

proach to consider frequency factor and optimize system restora-

tion. 

2. Problem Formulation 

The system restoration process should be formulated mathemati-

cally as a system restoration multi- objective optimization problem 

considering black-start resources operation model such as CHP 

systems.  

The CHP units are assumed to utilize binary gas turbine-water 

vapor cycles[15]. 

 

𝐻𝑖,𝑡 + 𝑃𝑖,𝑡 = 𝑧𝑖,𝑡   𝑖 ∈ 𝑁, 𝑡 ∈ 𝑇 (1) 

 

These margins determine their operation points in the system. 

Therefore, electric output for CHP systems are limited based on 

their feasible operation region and it should be considered in their 

operation scheduling.  

 
Fig.  1: CHP system feasible operation region. 

2.1 Objective Function 

In the power system with renewable energies, loads especially the 

important loads such as hospitals and communication systems are 

slated for rapid recovery utilizing self-start capacity afforded by 

renewable energy sources. Because possibility of restoring power 

to near customers is higher than distance customers, considering 

distance of loads from black start resourcesmay provide more 

accurate and efficient solution for load restoration in distributed 

system such as the case with renewables. It is rational to consider 

both important and distance of loads to have more accurate and 

versatile load restoration plan. Therefore, we propose an optimiza-

tion model considering load types and their importance and dis-

tance between loads and black start resources to maximize the 

degree of load restoration. The objective function can be formulat-

ed as follows: 

min 𝑓 = ∑ [𝜔𝛼𝑖𝐶𝑖 + (1 − 𝜔)𝐶𝑖/𝑑𝑖]𝑥𝑖

𝑁

𝑖=1
 (2) 

Where N is the number of loads without service in blackout. 𝛼𝑖Is 

the importance of ith load, 𝛼𝑖 ∈ [0,1]. A higher value of  𝛼𝑖 repre-

sents a higher degree of importance of the particular load. Table I 

lists the load importance generally is used for load restoration 

studies [26]. The term 𝐶𝑖 is the capacity of ith load. 𝑥𝑖Denotes the 

connection status of the load to the power grid, 0 for no, 1 for 

yes.𝑑𝑖is the distance between the ith load and the black start re-

sources, which is represented by the number of buses between 

load and black start resources. 𝜔is the weight coefficient which 

denotes the preference of the decision maker in regard to the load 

importance and the distance between the load and black start re-

sources , 𝜔 ∈ [0,1]. When 𝜔=1, only the effects of black start 

resourcesis considered, and 𝜔=0, only the effects of the load im-

portance is considered during the analysis. The term 𝜔𝛼𝑖𝐶𝑖 +
(1 − 𝜔)𝐶𝑖/𝑑𝑖 is called as compound load in this paper. This term 

ties two objectives of maximum load importance and minimum 

load distance for load recovery, 𝛼𝑖𝐶𝑖 presents the load importance 

and make sure that the load with high importance is given priority 

in power  restoration. In addition, 𝐶𝑖/𝑑𝑖 models the distance of the 

load to the black start resources and ensures that the load with 

shorter distance is prior for load restoration. Based on the operator 

desire, load restoration could be run to find the best solution fo-

cusing on important loads or distance of loads or both of them. 

Table I: Load importance 

Load type Importance (w) 

facilities 1.0 

Recovering generators for power system restora-
tion  

0.9 

Special loads  0.6 

Supermarkets 0.43 

Countries 0.12 

2.2 Constraints 

It is worthwhile to note that in the power restoration problem, 

there is also frequency deviation due to unbalance power between 

generation and load. Therefore, we modeled the power flow equa-

tions considering frequency characteristics and other inequality 

constraints as follows: 

∆𝑃𝑖 = 𝑃𝐺𝑖[1 − 𝐾𝐺𝑖∆𝑓] − 𝑃𝐿𝑖[1 − 𝐾𝐿𝑝𝑖]

= 𝑉𝑖 ∑ 𝑉𝑗

𝑁

𝑗=1
(𝐺𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗

+ 𝐵𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗) = 0 

(3) 

∆𝑄𝑖 = 𝑄𝐺𝑖 − 𝑄𝐿𝑖[1 − 𝐾𝐿𝑞𝑖∆𝑓]

= 𝑉𝑖 ∑ 𝑉𝑗

𝑁

𝑗=1
(𝐺𝑖𝑗𝑠𝑖𝑛𝜃𝑖𝑗

+ 𝐵𝑖𝑗𝑐𝑜𝑠𝜃𝑖𝑗) = 0 

(4) 

|∆𝑓| < 1𝐻𝑧 (5) 

|∆𝑉𝑖| < 0.05       𝑖 = 1 … 𝑁 (6) 

𝑃𝐺
𝑚𝑖𝑛 < 𝑃𝐺𝑖 < 𝑃𝐺

𝑚𝑎𝑥     𝑖 = 1 … 𝑁 (7) 

𝑄𝐺
𝑚𝑖𝑛 < 𝑄𝐺𝑖 < 𝑄𝐺

𝑚𝑎𝑥     𝑖 = 1 … 𝑁 (8) 

In power system, frequency control includes three stages: primary, 

secondary and tertiary frequency control. For the primarycontrol, 

the steady state frequency error will be calculated and exist due to 

theproportional control characteristic of system. It should be men-

tioned that in interconnected power system, automatic generation 

control (AGC) is implemented to adjust the reference value of the 

generators output. Since the load pick up will have the direct im-

pact on voltage and frequency, the above mentioned constraints of 
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maximal frequency and voltage deviations which they define by 

power system operators determine the maximal load that can be 

restored at one step. The frequency behavior after load restoration 

is depicted in Fig. 2. In this paper we modeled the frequency con-

trol system using dynamic power flow equations.  

 

Fig.  2: Frequency behavior in load pick up of power system restoration 

 

2.3 Dynamic Power Flow with Frequency Deviation 

As we mentioned, during restoration the generated power from the 

recovered generation units is not equal to the load demand. This 

unbalanced power caused by the difference between generation 

and demand causes a change in the system frequency. This fre-

quency deviation should consider in dynamic power flow. The 

diagram of dynamic power flow is presented in Fig. 3. 

 
Fig.  3:  Diagram of dynamic power flow 

Where the 𝑃𝑎𝑐𝑐acceleration power,𝑃𝐺𝑖, restored load𝑃𝐿𝑖,line loss-

es𝑃𝑙𝑜𝑠𝑠. 

𝑃𝑎𝑐𝑐 = ∑ 𝑃𝐺𝑖

𝑘

𝑖=1
− ∑ 𝑃𝐿𝑖

𝑚

𝑗=1
− 𝑃𝑙𝑜𝑠𝑠 (9) 

 

∆𝑓 = 𝑃𝑎𝑐𝑐/(∑ 𝐾𝐺𝑖

𝑘

𝑖=1
+ ∑ 𝐾𝐿𝑖

𝑚

𝑗=1
) 

(1
0) 

Using frequency deviation we will formulate power flow equa-

tions to consider unbalance power between generation and load. 

3. Load Restoration Algorithm 

In the proposed algorithm for power system restoration with black 

start resources, we treated the problem as knapsack problem.  In 

the proposed model, total recovered generation capacity acts as the 

knapsack capacity, which cannot be exceeded by total amount of 

recovered loads. Furthermore, the load importance and the dis-

tance between the load and black start resources are represented 

by the weights. In this paper, the Greedy algorithm is applied to 

solve the load restoration problem, which it is treated as knapsack 

problem. The Greedy algorithm has been developed for a large 

number of problems in combinatorial optimization. The Greedy 

algorithm is typically very easy to describe and code and it has 

very fast running times which it will be useful in black out restora-

tions as matter of time efficiency. However, in most cases it does 

not find the global optimum. In load restoration, since the time is 

more important to system restoration, it is rational to consider a 

fast algorithm with local optimal solution. The main algorithm of 

proposed solution is described in following flow diagram. 

 
Fig.  4: Flowchart of proposed algorithm to power system restoration 

4. Simulation and Results 

To examine proposed method, a part of IEE New England 39 bus 

bulk system is considered (Fig. 5). This part of system includes 2 

thermal units (Gen1 and Gen2) and we considered one CHP sys-

tem (Gen4) and one wind farm as renewable energy system (Gen 

3) to study power system restoration process with CHP and re-

newable energy systems. The total load is assumed to be about 

215.9 MW and 395.7 MVAr. We assumed that the startup time of 

thermal units in this case is about 2 hours (including energizing 

process of excitation and ancillary service, etc.). However, the 

time for switching and energizing the buses and pickup loads is 

about 2 to 5 minutes which is includes the risk of failures. In the 

assumed system, loads have been distributed to the load buses 

assuming their importance factor presented in Table II. We tried to 

distribute the load importance in the system to study the effect of 

black-start resources more clearly. In order to simplify the simula-

tion process, we assumed ±10% for the maximum load fluctua-

tion for restored load. In addition, the output for wind farm is 

modeled based on the 5 min forecasting model provided in [27]. 

CHP feasible operation regain is used by the example utilized in 

[15]. And finally, the load model parameters generated randomly 

considering the acceptable range for their model [25].  

 
Fig.  5: A part of IEEE New England 39 bus power system 

Table II:Assumed load importance factors  

𝜶𝟏𝟓 𝜶𝟏𝟔 𝜶𝟐𝟎 𝜶𝟐𝟏 𝜶𝟐𝟑 𝜶𝟐𝟒 

0.6 1.0 0.4 0.7 0.2 0.3 

Table III shows the simulation results for the part of IEEE New 

England system for both load importance objective and load dis-

tance objective. Is can be seen for both situations the first step is to 
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schedule the black-start resources to pick up the loads and help to 

start of non-black start generations. Therefore Gen3 and Gen4 are 

started for both objectives. Considering load importance, first the 

bus 22 energizes and then the load at bus 16 the most important 

bus with importance factor 1 will pick up. And then the load in 

bus 21 will be energized and picked up with importance factor 0.7. 

The next step is to energize bus 19 and provide primary start pow-

er for Gen1 since the generation of renewable energies and CHP 

system is not enough to pick up the left over loads. It should be 

mentioned that the total estimated power system restoration dura-

tion is about 4 hours in this procedure. Providing enough energy 

to start nonblack-start units is the critical step. For the thermal 

units, after black out if they can operate in islanding mode with 

their auxiliaries, it is possible to restart and take into the system as 

hot restart operation which it usually takes about 30 minutes. 

However, if the restoration process for these units takes long time, 

they should restart in cold restart operation which usually required 

about 3 to 24 hours to connect to system to provide electric power. 

After startup of GEN1, loads in bus 15 and 20 will be picked up 

and due to the limitation of Gen1 on output power, Gen2 will be 

start to feed loads on bus 24 and 23. On the other hand, for the 

power system restoration with objective of load distance, the first 

load to pick up based on the distance will be the load in bus 23. 

The interesting fact that we can see from Table III is that the total 

energy which is provided by wind farm and CHP system is 

enough for three loads at buses 23, 24, and 21. Therefore, after 

starting the Gen1 and load pick up at buses 20 and 16, the Gen2 

will be start to feed the only load at bus 15.  

Table III: Power system restoration actions with load importance and load 
distance scenario 

 Actions (Load important) Actions (Load distance) 

#1 Black start Gen3 (B36) and 
Gen4 (B35) 

Black start Gen3 (B36) and Gen4 
(B35) 

#2 Energize(B22) Load pickup (B23) 

#3 Load pickup (B16) Load pickup (B24) 

#4 Load pickup (B21) Energize(B22) 

#5 Energize(B19) Load pickup (B21) 

#6 Start Gen1 Energize(B19) 

#7 Load pickup (B15) Start Gen1 

#8 Load pickup (B20) Load pickup (B20) 

#9 Start Gen2 Load pickup (B16) 

#10 Load pickup (B24) Start Gen2 

#11 Load pickup (B23) Load pickup (B15) 

Table IV shows the simulation results for different control varia-

ble of ω to study the effect of different objectives of load im-

portance and load distance on power system restoration sequence. 

It is clear that with increasing the value of control variable ω 

meaning to increase the weighting factor of load importance, the 

load restoration sequence restructures based on the importance 

factor of loads. However, in some ω, such as ω=0.1 and ω=0.2, 

there is not a significance difference in load restoration sequence. 

This is due to fact that for these sequences we should consider a 

big change based on load distance or load importance to change in 

load restoration sequence. It should be mentioned that in power 

system restoration it is possible to have a generation potential less 

than the load. In this situation, in load pick up we may have a big 

frequency change in the system and it may violate to frequency 

constraint. Therefore we will not able to feed those loads. For 

instance, in power restoration with ω=0.0, it Gen2 could not re-

start and connect to the network, will not be able to pick up load at 

bus 15, which has the load importance equal to 0.6. 

 

 

 

 

 

Table IV:Power restoration sequence actions with different control varia-

bleω 

Control 

variable 𝝎 

Restoration Actions 

0.0 B36,B35, B23, B24, B22, B21, B19, B33, B20, B15, B34, 

B16 

0.1 B36,B35, B23, B24, B22, B21, B19, B33, B20, B34, B16, 

B15 

0.2 B36,B35, B23, B24, B22, B21, B19, B33, B20, B34, B16, 
B15 

0.3 B36,B35, B23, B24, B22, B21, B19, B33, B16, B34, B20, 
B15 

0.4 B36,B35, B23, B24, B22, B21, B19, B33, B16, B34, B20, 
B15 

0.5 B36,B35, B22, B23, B22, B16, B19, B33, B21, B34, B20, 
B15 

0.6 B36,B35, B22, B21, B19, B16, B33, B20, B15, B34, B23, 
B24 

0.7 B36,B35, B22, B21, B19, B16, B33, B20, B15, B34, B23, 

B24 

0.8 B36,B35, B22, B21, B16, B19, B33, B15, B20, B34, B24, 
B23 

0.9 B36,B35, B22, B21, B16, B19, B33, B15, B20, B34, B24, 
B23 

1.0 B36,B35, B22, B16, B21, B19, B33, B15, B20, B34, B24, 
B23 

It is worthy to note that although the load at bus 16 has higher 

importance in comparison with other load, in most of the cases 

load at bus 15 is picked up as the first load in load restoration. 

This is due to the distance of the bus 16 from black start resources. 

In fact, the load in the energized buses is selected to be restored by 

considering the load priority and available power of online genera-

tors. 

5. Conclusion 

In this paper a power system restoration with renewable energies 

and CHP systems as black start resources presented. We consid-

ered a multi objective process with the load importance and dis-

tance of loads simultaneously. We also used a control variable to 

adjust the balance between considered objectives for power sys-

tem restoration. Defining thecompound load as fitness function 

provides a precise measure of both the load importance and dis-

tance of loads from black start resources which can be used by 

power system planers to adjust scheduling process based on their 

preferences. Using the proposed load restoration algorithm, for 

each control variable ω and certain available power generation, 

the suitable load sequences for load restoration can be obtained. 

For proof of the concept, we just considered a part of IEEE New 

England network with black start resources. Future work may 

include a detailed model of power system resources as distributed 

generations. In addition, uncertainty of demand and output of 

black start resources, especially renewable energiesin power sys-

tem restoration scheduling could be considered. The proposed 

approach can help power system operators and planners to con-

struct a versatile power system restoration plan and make better 

decision during the system restoration. 
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