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ABSTRACT 
System restoration after total blackout requires coordination among generation units, load characteristics and transmission 
system. During the early stage of restoration immediate re-starting of generators is always given high priority. Therefore, problem 
of supplying crank power to non-black start (NBS) plant should always be taken as a primary task during power system 
restoration. This paper introduces an expert strategy plan to assist the operator in making fast and safe decisions during early 
restoration of a power system following a total black-out. Due to diversity of black start unit (gas and diesel) with different 
capacities which make it difficult to select the proper units to start, a new algorithm for creating an initial generator sequence list 
in Iraqi national grid (the south region) is proposed. The specific features of the network under consideration (network topology 
and multi voltage level in transmission network) new constrains were adapted to identifying a path selection from black start (BS) 
to NBS (proper switching of power lines) using a Modified Depth-First Search algorithm (MDFS). This strategy enhances the 
computational time to become faster.  By speeding up restoration process directly reduce the cost of power system blackout. 
KEYWORDS: Path selection, generator startup sequence, depth-first search algorithm, Iraqi national grid.  

 

INTRODUCTION 

 

Power system restoration PSR became complex involving decision- making problem. Even through each 

power blackout scenario in unique event. There are certain goal and steps that are common in all restoration 

procedure. According to start up requirement, there are two groups of generating units, BS which have the 

ability to start by itself such as hydro and gas plants, and NBS plant such as steam turbine that required cranking 

power from outside [1,2,3].  

The preparation is the first step in PSR in which time is critical and many urgent actions must be taken as 

quickly as possible. Usually, the system status after blackout is evaluated, the target system for restoration is 

defined, a strategy for rebuilding the transmission network is selected, initial power source was identified, steps 

are taken to crank power to NBS generating units and critical loads through paths. During time-critical stage of 

restoration, it is desirable that actions be thoroughly planned for rapid implementation [4]. 

 

 

Many researchers studied power system restoration. In reference [5] the shortest path algorithm using Floyd 

War shall algorithm was applied. Dijkstra algorithm [6] proposed a switching sequence to give a minimum 

impedance path from source to all load points by using. Bellman Ford algorithm. Hemalatha[7] applied an 
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optimal path search and several alternative paths by considering constrains restoration of expert system field 

were widely used to establish various strategy. Liu[8]adopted a distribution restoration plan, knowledge 

representation, probability of system and computational efficiency were discussed. While Tsai [9] studied a fast 

mechanism and object oriented feature to propose a multiple plans in distribution system. Reference [10] 

proposed the integration of power system guidance with voltage control, to prevent paths overvoltage and 

overloaded by using expert system. 

This paper proposes an expert strategy plan, consists of steps prepared in advance to help engineers in 

control center to guide the restoration process of the Iraqi national grid after a total blackout, fast and safe. 

Problem of creating a list of sequence of BS generator was solved using a computational method to accelerate 

the restoration time and to maximize the system generation capability. A graph theory algorithm Modified 

depth-first search algorithm was used for optimal path finding. 

 

2. Power System Representation and Graph Theory: 

A. Graph Theory Fundamentals: 

Graph theory is a branch of data structure concerning encoding the networks and measuring their properties. 

The transmission network can be implemented as a graph. A graph (G) is a set of points called vertices and line 

connecting the points called Edges. The graphs are broadly classified into two types, Direct and undirected 

graph. Each of them could be weighted or un-weighted edges. The graph G=(V,E,W) consist of finite set of 

vertices V and edges E with weight W.  

Graph theory contains many search algorithms, the Depth-First Search Algorithm (DFS)is powerful in 

investigating whether there is a path from one node to another and whether the graph is connected or not and it 

was considered in this work. 

 

A.1 Depth-First Search Algorithm (DFS): 

The main idea of this algorithm is to make a path as long as possible and then backstitching to add branches 

also as deep as possible. 

Graphs are not ordered in general, multiple sequences in which the vertices can be visited. Data structure 

STACK is used in traversal DFS. 

This algorithm is useful for testing properties of graph by checking whether there is a path from one node to 

another and whether the graph is connected or not [11]. 

The pseudo- code for DFS is as follows [12]: 

Input: A graph G and a vertex visited {N and G} 

Output: A collection of vertices reach back from N, with their discovery edge. 

For each outgoing edge = (N,C) of N do 

If vertex has been visited then mark vertex N as visited (via edge C) 

Recursively call DFS (G, N). 

DFS has been modified for searching (in classical algorithm it would be in one direction) to search paths 

between two nodes in two direction. 

In this paper the algorithm have been modified to find all paths in all directions to ensure finding feasible 

path (traditional algorithm search in one direction), as shown in eq.(1): 

ra(r1(i),r2(i))=W(i) 

ra(r2(i),r1(i))=W(i)                                (1) 

va(r1(i),r2(i))=VL(i) 

va(r2(i),r1(i))=VL(i) 

 

Where ra , va represent the edges W is the electrical distance between nodes and VL voltage level on the 

path between two nodes. Equation(1) shows that there are two weights for the same edge in the graph while 

there always only one edge weight in the traditional search algorithm. Figure (1) shows the flowchart of the 

modified searched algorithm.(B) represents the input adjacency matrix. 

 

B. Generator start-up sequence: 

There are two main purposes for black start generator sequence. The first one is to satisfy the strong 

increase in electricity demand due to increasing the number of combined cycle, and gas power plant installed in 

recent time. The second is that in the case of wide spread blackout there may be no neighbor help (independent 

system operation), therefore, system restoration must begin from pre-prepared list of generator unit with ability 

of self-starting and may be used as a kernel to start restoration process to solve the problem of sequence black 

starting. 

The overall objective of BS is to apply voltage to the target unit through transmission system as quickly and 

safely as possible, thus the objective function Cu which has lowest cost in the term of efficiency of BS and target 

units. The cost related the units (Cu), based on engineering judgment. The efficiency indices of participating BS 
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and target unit are respectively in the given R. The efficiency index of unit is defined by unit start up time, 

generation capacity, and total relevant switching times to the other units, which all are very important factors to 

affect the efficiency of restoration and service recovery. As in: 

∝=
1

𝐷𝐵
 . (

𝑃𝑏

𝑇𝐵
)Where𝐷𝐵= ∑ 𝑎𝑖

𝑘𝑡
𝑖=1                 (2) 

𝛽 =
1

𝐷𝑇
 . (

𝑃𝑔−𝑃𝑐

𝑇𝑇
)Where𝐷𝑇= ∑ 𝑏𝑗

𝑘𝑏
𝑗=1                      (3) 

Since there are many BS generators in the network, the one's which have sufficient crank power should be 

selected(the small capacity units will not include),the equation below is used to select the suitable BS units. 

∑ 𝑃𝑐
𝑖𝐾𝑡

𝑖=1  ≤ ∑ 𝐶𝑗
𝐾𝑏
𝑗=1                       (4) 

The efficiency indices of a BS and target units are define as α and β respectively.  

Where: Pb= capacity of BS unit, TB= startup time of the BS unit,  TT= startup time for the target unit, 

Pg=maximum power generation of target unit, Pc=consuming power of target unit, Kt=maximum number of 

targets, which determined by equation.(4), Kb=total number of BS unit, ai=minimum required switching times to 

the ith target unit, bj= minimum switching times to the jth BS unit. 

Depending on total capacity of BS unit in the system, where Cj denotes the capacity of jth BS unit, and 

𝑃𝑐
𝑖stands for the consuming power Pc of the target unit with the ith highest efficiency index. 

 Then α and β, Cu can be defined as: 

𝐶𝑢 =  𝑈𝑠 + 𝑤𝑈𝑈𝑡
𝑃𝑈                    (5) 

wU and PU are the weight and penalty parameters ,Us and Ut are given by: 𝑈𝑠 =
∝0

∝
   ,𝑈𝑡 =

𝛽0

𝛽
        (6)   

Where ∝0 and 𝛽0 are the largest indices of BS unit and target unit, respectively, among all of BS units and 

target units in the system [13]. 

 

C. Transmission Path Selection Strategy: 

Since the graph usually represent a mathematical model which lacks appropriate data. Thus the best 

solution to mathematical problem is some as the best solution for real world problem. Hence in addition paths 

between given two vertices would be useful to define the best solution according to the information not 

included. DFS search algorithm have been modified and used in finding paths between two nodes. 

If the input matrix P is the matrix represents the BS paths in transmission network with V buses then: 

P=[wij]V×V                      (7) 

Where wij represents the weight on the edge (electrical distance once and voltage level another),  

wij=1 if the ith energized bus in BS start path j, otherwise wij=0. 

In this paper V represent the bus barn BB(vertices) and E represent the transmission lines nEG(edges) and W 

represent the electrical distance nED. In the graph the elements vi ϵ V, i=1,2,… nBB and eij ϵ Eϲ V×V i,j=1,2,.. 

nBB, denote the set of nodes and edges respectively. The element wij ϵ Wi,j=1,2,.. nBB represent the weight 

associated with eij ϵ E. The weighted adjacency matrix eij is built by the impedance Z (X˃˃ R) zij=xij [14,15]. 

 

C.1Paths selection constrain: 

In a bulk power system, there are generators, tie lines, transmission lines, transformers, and loads. The 

power system encounters a complete blackout; the network should be reconfigured as soon as possible. In order 

to restore the network, the power has to be transmitted through feasible path. The problem of finding feasible 

path for restoration is matter of minimizing the cost of each line by considered the line constrains as follows: 

First, number of transformers, The nonlinear behavior of transformer may cause potentially sustained non- 

harmonic oscillation and transient ferro-resonance overvoltage which would bring severe damage on 

transmission equipment during energizing the transmission grid during black start. The large inrush current also 

increases in ability to not connect of the associated protection relays and bad impacts on transformer. For 

reducing the failure probability, the operation times of transformers during re-energizing is also important factor 

to be optimized. 

       Second, number of switching, The effect of switching surges is disastrous and other transient phenomena 

would be increased with the growing of switches to be operated. Through many protection devices have been 

used to mitigate switching surges hazard, the action of these protection devices often produce relay tripping, 

which may fail the black start procedure. Also, at each switch operation needs to be under deliberate 

confirmation, the black start procedure will be prolonged when there are more switching operations in black 

start path. 

       Third, the electrical distance between source and destination: the distance is calculated based upon the 

actual impedance of the network. If the distance between BS and NBS minimized then the losses would be 

minimized too. 

Fourth, the capacity of transmission line: the power flow in the line has to be below the capacity of the line.The 

important constrains illustrated above would ensure a secured path to transfer the power from BS generator to 

NBS generator. 
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3. The Structure of the Proposed Restoration Strategy for the case study: 

Expert power system restoration is a very complex problem. The operation rules are different in each 

country due to the network topology and configuration. Therefore the development of an appropriate rule base is 

the most important part of expert restoration. The rule base was developed using empirical rules and human 

expert and emergency operation rules. Fig.(2) shows the computational procedure for feasible path 

identification. All programs in this research built under MATLAB 14a. 

In this work, a complete shutdown of the power system is assumed. It is also assumed that each generator 

can be started and cranked power can be delivered through transmission network. The network should be 

transferred to graph mode. The proposed strategy contains two steps: 

  Starting a procedure of creating an initial sequence of BS generator operation. Creating this list in 

previous would accelerate the restoration with the availability of prepared guidance in advance. The Procedure 

for this step is described in the first part of the flow chart shown in figure (2). 

  Describing the path selection depending on search algorithm MDFS with adapting the mentioned 

constrains to secure the path and avoid path failure, which happens commonly especially during early 

restoration.  

The process of selecting paths depend on constrains priority selected due to specific feature of Iraqi national 

network (two level voltage (400kv-1321kv) and transmission topology). These constrains arranged sequentially, 

begins from minimizing the number of transformer (the BS and NBS on the same voltage level) and then 

minimizing number of switching and lately to the electrical distance. These constrain checked respectively for 

each path (pair of node). After sequential compression between these constrains, the first candidate path for each 

pair of node is selected. The thermal capacity of each line in the selected path then checked to avoid line 

overload. If the BS suggested or the line selected is not available the second choice is selected from the list. The 

process is ended when all NBS generators operated as described in the second step shown in fig.(2). 

 

4. Results and Discussion: 

The Iraqi national Grid Classified as a bulk power system since it covers the whole country along 437.072 

km2. The transmission system contains two voltage levels, 400KV and 132KV. The generating units are 

distributed and tided along the network. The network divided into five areas: north area (Mousl, Karkuk, Salah 

Aldeen), Middel area (Bagdad, Dyala, Wasit), east area (Anbar), middle south area (Karbala, Najaf, Babil, 

Dywania), and south area (Basrah, Messan, Nasyria, Smawa). There are various types of generating units 

(Thermal, Gas, Diesel, and Hydro) with different capacities. Only three regions have thermal plant (Middle, 

south middle, and south) which are in need of a black start sequence. The south region was considered in this 

work, fig.(3) shows the online diagram for the Iraqi south area network which contains three NBS plants . The 

main descriptions of the thermal plant (NBS) are shown in Table (1), while the main descriptions of the BS 

suggested by the proposed strategy for the area are illustrated in Table (2). The BS was selected depending on 

constrain on eq.(4), where the BS generator capacity must match the starting power consumed by the same BS 

and the cranked power supplied to NBS and losses of the line. 

BS capacity > consumed power in BS + consumed power needed to start the NBS + power losses in 

Transmission path 

The small capacity of BS will minimize the time of restarting of the system, because it get ready faster than 

the big one. 

The system was transferred to graph mode so that it can handle graph theory algorithms. The graph of south 

region is shown in fig.(4). Depending on eq.(1),fig.(5) shows the paths between BS and NBS. The nodes (7, 12, 

14, 19, 24, 34, and 39) represent the critical load that should be connected through primary restoration due to its 

priority depending on the critical load like: hospitals, Oil refinery, Water purification center, and airports etc. 

This step is important during early restoration critical supplied with power, where the MVAR of the system 

especially in long transmission line will be heavy and might cause voltage rise.  

Tables (4, 5, and 6) show the feasible most candidate path for a BS to NBS. These tables contain switching 

sequence in the path using MDFS and the priority was arranged according to constrains adapted as flows: 

voltage level, switching number and the electrical distance respectively. 

The feasible paths from each BS to NBS is set, including critical load picked passes through the path. Table 

(4,5,and 6) show the feasible paths for HRPT, NJBJ, and NSRP thermal generator. The computational time for 

this strategy is 4.7 msec using DELL laptop , Intel cori3 CPU 2.4GB speed and RAM 2GB is faster than the 

previous methods in [16]  when applied to England IEEE 39 bus network illustrated in table (7) . 

 

 

Conclusions: 

Determination of restoration sequence of power system after a major blackout is a complex multi-objective, 

multi-stage, and multi-constrain problem. In this paper a new expert strategy for a fast and safe restoration 
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process have been addressed for power system operators using a Modified Depth-First Search algorithm 

(MDFS) to guide the restoration process by creating a schedules for generator sequence and feasible paths from 

BS to NBS. From the obtained results one can conclude that, the start-up of BS is more important than the inner 

connection of power system.  Adopting a proper algorithm to find an initial list of sequence generator for the 

priority selection is important in reducing time. Small unit can operate faster than the big one. The power 

transmitted through feasible path depends on the considered constrains which would eliminate the outages 

happened and enhance restoration in the network effectively. The critical loads connected during early 

restoration reduce the rise in voltage due to MVAR of transmission line. 

Results obtained cleared that the propose strategy is very fast and efficient in restoring the Iraqi grid under 

consideration after a total shutdown. Furthermore, I suggest using this strategy for online restoration plans since 

its computational time very fast. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Finding all paths Using modified DFS 
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Fig. 2: Computational procedure for generator selection and feasible path identification. 
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Fig. 3: The Iraqi national grid (south region) 
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Fig. 4: Graph theory representation for Iraqi network (south region) 
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Fig. 5: The BS and NBS paths for Iraqi national grid 

 
Table 1: NBS (thermal plant) Description 

No. Node no. Plant name 
Voltage 

level(KV) 

P max 

(MW) 
Power consume(MW) TT (hour) ai (hour) 

1 28 HRTP 400 400 4 12 24 

2 21 NJBP 132 200 2 1 12 

3 7 NSRP 400 840 8.4 12 24 
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Table 2: the description of suggested BS generators (south region) 

No. Node no. Gen. name Gen. type 
Voltage 

level(KV) 

P max 

(MW) 

Power 

consume(MW) 

Start up 

time (TB) 

Min start 

up time 

(bi) 

1 3 FRTG GAZ 132 50 15 20 15 

2 14 SHBG GAZ 132 260 10.4 20 15 

3 20 KRMG GAZ 132 36 1.44 20 15 

4 31 HRTG GAZ 132 122.3 4.89 20 15 

5 37 QRND GAZ 132 60 1.2 20 15 

6 5 BMQR GAZ 132 190 38 20 15 

7 2 BKAZ GAZ 132 325 65 20 15 

8 11 BFLS GAZ 132 117 2.34 40 30 

9 27 SHTB GAZ 400 1250 75 20 15 

10 9 SMWD DIESEL 132 222 1.36 20 15 

11 35 BZRG GAZ 132 43 1.22 20 15 

12 33 KHZG GAZ 132 188 7.52 20 15 

13 34 STX DIESEL 132 201.6 1.052 20 15 

14 32 AMRG GAZ 400 500 30 40 30 

 

Table 3: Final Sequence of suggested BS generators 

No. Gen. Name Node No. 

1 KRMG 20 

2 BZRG 35 

3 FRTG 3 

4 QRND 37 

5 SMWD 9 

6 BFLS 11 

7 HRTG 31 

8 KHZG 33 

9 BMQR 5 

10 STX 34 

11 AMRG 32 

12 SHBG 14 

13 BKTB 2 

14 SHTB 27 

 

Tabl e4: Feasible paths for HRTP plant. 

Thermal 

Plant 

(NBS) 

Node 

No. 
BS Gen. 

Node 

No. 
Paths 

No. of 

voltage 

level 

changes 

No. of 

switches 

along path 

Electrical 

distance (PU) 

HRTP 28 KRMG 20 20-14-25-26-28 1 8 0.0576 

  BZRG 35 35-34-32-29-1-26-28 1 12 0.2194 

  FRTG 3 3-1-26-28 1 6 0.0226 

  QRND 37 37-30-29-1-26-28 1 10 0.3596 

  SMWD 9 9-7-6-1-26-28 1 10 0.2937 

  BFLS 11 11-10-1-26-28 1 8 0.1097 

  HRTG 31 31-30-29-1-26-28 1 10 0.2494 

  KHZG 33 33-32-29-1-26-28 1 10 0.0507 

  BMQR 5 5-4-1-26-28 1 8 0.0451 

  STX 34 34-32-29-1-26-28 1 10 0.1034 

  AMRG 32 32-29-1-26-28 0 8 0.0483 

  SHBG 14 14-25-26-28 1 6 0.0263 

  BKTB 2 2-1-26-28 1 6 0.0212 

  SHTB 27 27-26-28 0 4 0.007 

 

Table 5: Feasible paths for NJBP plant 

Thermal 

Plant 

(NBS) 

Node 

No. 
BS Gen. 

Node 

No. 
Paths 

No. of 

voltage 

level 

changes 

No. of 

switches 

along path 

Electrical 

distance (PU) 

NJBP 21 KRMG 20 20-21 0 2 0.0346 

  BZRG 35 35-34-32-29-21 2 8 0.2308 

  FRTG 3 3-1-16-14-20-21 0 10 0.1681 

  QRND 37 37-30-29-21 0 6 0.3710 

  SMWD 9 9-7-6-1-29-21 2 10 0.3267 

  BFLS 11 11-10-12-15-24-23-21 0 12 0.0537 

  HRTG 31 31-30-29-21 0 6 0.2608 

  KHZG 33 33-32-29-21 2 6 0.0621 

  BMQR 5 5-4-1-16-14-20-21 0 12 0.1906 

  STX 34 34-32-29-21 2 6 0.1148 

  AMRG 32 32-29-21 1 4 0.0597 
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  SHBG 14 14-20-21 0 4 0.0659 

  BKTB 2 2-1-16-14-20-21 0 10 0.1667 

  SHTB 27 27-26-1-29-21 1 8 0.0502 

 

Table 6: Feasible paths for NSRP plant. 

Thermal 

Plant 

(NBS) 

Node 

No. 
BS Gen. 

Node 

No. 
Paths 

No. of 

voltage 

level 

changes 

No. of 

switches 

along path 

Electrical 

distance (PU) 

NSRP 7 KRMG 20 7-6-18-14-20 1 8 0.278 

  BZRG 35 35-34-32-29-1-6-7 1 12 0.2527 

  FRTG 3 3-1-6-7 1 6 0.0559 

  QRND 37 37-30-29-1-6-7 1 8 0.1763 

  SMWD 9 9-7 0 2 0.238 

  BFLS 11 11-10-1-6-7 1 8 0.1430 

  HRTG 31 31-30-29-1-6-7 1 10 0.2827 

  KHZG 33 33-32-29-1-6-7 1 10 0.084 

  BMQR 5 5-4-1-6-7 1 8 0.0784 

  STX 34 34-32-29-1-6-7 1 10 0.1367 

  AMRG 32 32-29-1-6-7 0 8 0.0816 

  SHBG 14 14-18-6-7 1 6 0.2467 

  BKTB 2 2-1-6-7 1 6 0.0545 

  SHTB 27 27-26-1-6-7 0 8 0.0505 

 
Table 7: Comparison with other methods 

No. Algorithms Computational time 

1 Enumeration 1 hour and 53 min 

2 Dynamic programming 55 min 

3 MIQCP 35 min 

4 Two-step 4 min 

5 MILP 8 seconds 

6 Proposed computational method 4.7 seconds 
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