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ABSTRACT 
One of the most critical challenges is transmission network restoration, due to overlapping many factors during system 
restoration. When system goes through blackout situation it should return to its normal state quickly and safely. In this paper an 
expert plan with new methodology were proposed based on k-shortest path algorithm to find three candidate paths for each load 
to be restored. These paths were checked by transmission line constrains to prevent system collapse. Load priority methodology 
was first presented in this work. The proposed plan was validated by using IEEE 39 bus test system once and applied for the Iraqi 
national transmission network once again. A guidance plan was presented and it was fast and secure and the simulation process is 
fast with average time 1.052 sec, therefore it could be used on online restoration. 
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INTRODUCTION 

 

The transmission system restoration after blackout is a critical process; therefore it must consider the safety 

minimum restoration time and minimal adverse impact to the consumer. The skeleton is built to facilitate the 

restoration of path from generation to distribution system Transmission system firm up [1].The problem of 

finding shortest paths arises in many contexts; testing restoration algorithms and developing design packages for 

large telecommunications networks are two cases where the simple task of finding sets of restoration paths can 

consume up to 95 percent of the execution time [2]. 

It is complex combinational problem to maximize the resorted transmission lines by observing system 

constrains. However, the system will be able to handle unexpected system changes during the restoration 

process [3]. 

At the end of this step, the network has sufficient power and stability to withstand transient as a result of 

further load picked up and additional of large generating units.  Usually all circuit breakers after black out area 

are automatically opened before restoration. This process involves time-consuming switching operation to 

energize the transmission lines [4].   

Research on determining the optimal unit restarting sequence and different network reconfiguration 

approaches can be found in [5]-[6]. These methods present interesting results for these two particular problems 

during the restoration process. However, more general methods to aid operators during the restoration process 

are still required. As noticed, the restoration process is long and can last hours, and in multiple cases, days [7], 

[8]. 
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This paper consist of two steps, first step is to determine an optimal configuration for the transmission 

network by mean of graph theory to facilitate finding shortest path. The second step is to determine proper 

switching operation sequence (minimizing time). The paths were secure under using constrains to prevent the 

system from collapse. Figure (1) shows the block diagram of the proposed strategy for transmission line 

connection.  

 

 
Fig.1: The proposed strategy for transmission line connection 

 

The representation of power transmission network is illustrated in section (2). K-shortest paths algorithm 

described in section (3) which depends on section (2) and section (4) shows the load priority equation. Section 

(5) shows the proposed constrains to ensure secure restoration while section (6) transmission network 

restoration procedure. The simulation results for IEEE 39 bus test system for validation and for Iraqi national 

transmission system were illustrated in section (7). Section (8) shows the most important conclusion drawn in 

this paper. 

 

1. System Configuration in Graph Theory: 

In complex power systems with hundreds of buses and branches, system analysis become an arduous 

challenge. Graph theory; however remain vital reduction tool in power system. Any power grid regardless of its 

complexity can be transferred into simple two dimensional graph eliminating lots of redundant information. It is 

a mathematical abstraction that is useful for solving many kinds of problems. Searching paths and shortest paths 

plays an important role in such kinds of network based system [9].  

 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 (represent a bus bar, generator or loads) and edges E (transmission line path) with weight W on edge 

(represents factors to be checked on transmission line) [10].  

In this paper k-shortest path search algorithm is used to find paths between generators nodes and load 

nodes. 

 

2. K-shortest path algorithm: 

In order select the feasible path, k-shortest path search algorithm based on graph theory is used. The flow 

chart of the algorithm is illustrated in Fig.(2). Sometimes the selected shortest path is not available or 

constrained violated; a second prepared path is suggested and so on for the third path. The k-shortest path 

algorithm based on Dijkstra algorithm for finding shortest path and Breadth first search algorithm (BFS) is 

adopted to find three candidate paths in advance for each pair of nodes (from generators to loads) [11,12,13]. 

In the end of the process the shortest paths that where all already known (the paths P1, P2, ….Pk-1) will be 

stored in list A and all other candidate paths will be stored in list B. 

 

3. Load Priority Determination: 

This method is responsible for preparing a list of loads priority referred to generator connected to them. To 

supply loads with power it should select the generator and number of loads connected directly to this generator. 

Equation (1) shows the important index factor and the degree of the loads is described by the operator [14]. 

𝐼𝑀= ∑
∑ 𝐷𝑖 𝑀𝑉𝐼𝑘

𝑖=1

𝑥

5
𝑥=1  (1) 
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Fig. 2: flow chart of K-shortest path algorithm 

 

IM, is called index importance that denotes the sum of loads which can be connected in a 5 connection step. 

Where, MVI is the mega-volt-ampere of load, k is number of loads that can be connected in each connection 

step, i is the load number, x is the connection step and Di is the scaling factor. The scaling factor is used to 

priorities the load accordance to their importance and various from 0 to 10 [15]. 

 

4. Checking constrains: 

The most important issues during delivering power to the load are to maximize power flow in the line 

without violations are: 

1- Line capacity: power should be transmit below the maximum line capacity [16]. 

2- Shortest distance: this constrain will minimize losses in the path [17]. 

3- Number of switches: by minimizing number of switching [18]. 

4- Voltage check on bus bar which should not rise more than the upper limits [15]. 

5- Ferranti effect check: this constrain is important for rising voltages in the end of the line. 

𝑉𝑠 = 𝑉𝑟 (1 −
𝑤2𝑙2 ×10−10

18
) 

 (Error! No 

text of specified style in document.) 

If the factor  (1 −
𝑤2𝑙2 ×10−10

18
) < 1 , then no phenomena happens 

Where, Vs is the sending end voltage, Vr is the receiving end voltage, l is the transmission length and w is 

the (2 𝜋 𝑓) hence f is the frequency of the system [19], [20].  

 

5. Transmission network Restoration Procedure: 

The development of guidance in restoration planning process provide a systematic procedure and helps to 

minimize the amount of analysis that must be done online during restoration. The designed transmission path 



 PCC 
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model is able to fulfill the following general restoration actions (GRA’s) [21], where X and Y are arbitrary 

generator and loads nodes: 

- Find paths between generator nodes and load nodes (X,Y). 

- Start _ black _start units or Non _ black _ start units X. 

- Energize _ bus bar (X). 

- Energize_ line X. 

- Synchronize (X,Y) 

- Pick _ up _ loads (Y) 

For the three candidate paths after checking all constrains the operator have a list of feasible path to select 

during restoration. 

 

 
Fig.3:Flow chart of the proposed strategy. 
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Fig. 4: Flow chart of selecting three feasible candidate paths. 

 

6. Numerical results and Discussion: 

A. IEEE 39 Test system Transmission connection guidance plan: 

The test system having 10 generators, 29 load buses, and 46 transmission line.  It is assumed that Generator 

at bus 39 is a thermal generator (NBS) and other generators are black start generators (BS) and the critical loads 

are (1, 3, 20, 21, 23, 25, and 29). A total shutdown in the system was assumed. Figures (5) and (6) show the 

online diagram and 2D graph representation for IEEE 39 bus test system respectively. 

 

 
Fig.5:On line diagram of England IEEE 39 bus test system. 
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Fig. 6:2D graph representation for IEEE 39 bus test system. 

 

Table (1) illustrates the loads priority for each generator using load priority equation (1) described in this 

paper, where, the loads selected were nearby each generator. 

 
Table1: Load Priority for each generator. 

Node Generators 
Loads priority 

1st 2nd 3rd 4th 5th 6th 

30 G10 4 16 3 18 15 - 

31 G2 8 39 7 4 31 9 

32 G3 8 4 7 15 12 - 

33 G4 20 4 16 21 15 - 

34 G5 16 20 15 12 - - 

35 G6 24 21 16 15 23 - 

36 G7 24 21 15 23 16 - 

37 G8 3 27 25 18 26 - 

38 G9 29 27 28 26 - - 

39 G1 8 3 1 39 9 - 

 

The results of three candidate feasible paths for the IEEE 39 bus test system based methodology by 

combing the k-shortest path search algorithm with constraints to ensure the security of the path during 

restoration; these results are shown in tables from table (2) to table (11). The results describes that there are 

three candidates feasible paths form each generator to loads. These loads connected to generator were arranger 

in priority list as shown in table (1), these paths were checked by the path constrains (minimum number of 

switching and minimum electrical distance). Then these paths are checked by the operational constrains 

(Ferranti effect, thermal limit of the line, and voltage level check). The total time elapsed for restoring the entire 

power system is (0:40 hr) by using the load priority method, which is better than the [22] where the time for the 

entire action consume (1:50 hr). 
 

Table 2: Three candidate paths from generator G1 at node 39 
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Table 3: Three candidate paths from generator G2 at node 31 

        
Table 4: Three candidate paths from generator G3 at node 32 

 
Table 5: Three candidate paths from generator G4 at node 33 

 
Table 6: Three candidate paths from generator G5 at node 34 

         
Table 7: Three candidates paths from generator G6 at node 35 
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Table 8: Three candidate paths from generator G7 at node 36 

 
Table 9: Three candidate paths from generator G8 at node 37 

 

 
Table 10: Three candidate paths from generator G9 at node 38 

 
Table 11: Three candidate paths from generator G10 at node 30 

 
B. Iraqi transmission network connection guidance plan: 

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

distributed and tided along the network. The network divided into five regions: north region (Mousl, Karkuk, 

Salah Aldeen), Middel region (Baghdad, Dyala, Wasit), east region (Anbar), middle forat region (Karbala, 

Najaf, Babil, Dywania), and south region (Basrah, Myssan, Nasyria, Smawa). The middle forat region was 

described in this work, fig.(7) shows the online diagram of the Iraqi middle forat area network which contains 

seven main generators nodes and 29 load nodes. The online diagram is modeled as a graph theory as shown in 

figure (8) that illustrate the2D graph representation for Iraqi national transmission network. The critical loads 

are located in nodes (4 and 32). Table (12) shows the loads priority for each generator using load priority 

equation (1) described in this paper, where, the loads selected were nearby each generator. 
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Table12: Load Priority list for each generator. 

Node Generators 
Loads priority 

1st 2nd 3rd 4th 5th 

1 Musyab PS 12 14 13 16 17 

3 Karbala STX 4 3 7 5 - 

6 Karbala gas 8 7 6 9 - 

18 Hilla GPS 20 18 21 22 - 

19 Kaerat gas 35 36 37 34 - 

26 Najaf GPS 24 25 27 33 - 

30 Najaf gas 32 31 28 - - 

 

 

 
Fig. 7: the one line diagram of Middle Forat region contains: Karbala, Najaf, Babil, and Dywania governorates. 
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Fig. 8: the 2D graph representation of Middle Forat region contains: Karbala, Najaf, Babil, and Dywania 

governorates. 

 

The Results show that each load has three candidate paths, these paths selected using K-shortest path 

algorithm while constraint checking based on minimum switching number and then minimum electrical distance 

respectively. The results of three candidate paths are illustrated in tables (13) to (19). 

 
Table 13: Three candidate paths from generator Musayb at node 1 
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Table 14: Three candidate paths from generator Karbala STX at node 3 

 
Table 15: Three candidate paths from generator Karbala gas at node 6 

 
Table 16: Three candidate paths from generator Hilla GPS at node 18 

 
Table 17: Three candidate paths from generator Kaehrat gas at node 19 
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Table 18: Three candidate paths from generator Najaf GPS at node 26 

 
Table 17: Three candidate paths from Najaf gas at node 30 

 
The operator in the control center needs a strategic plan for restoration after blackout so that the process can 

be guided fast and safe. The plan for suggest three paths in case one path fail for any reason there is a prepared 

other path unlit three paths. The average recorded time elapsed for simulation results is 1.052 sec. 

 

Conclusions: 

After blackout, power need to be restored as fast and reliable as possible. The operator in the control center 

needs a detailed plan for restoration where minimizing time is a complex problem during restoration. 

Restoration involve taking number of actions and many issues have to be considered. In this paper an expert 

plan based graph theory have been proposed to restore the transmission network with two voltage level 400kv 

and 132 kv. K-shortest path algorithm is an efficient algorithm in minimizing the losses in the line by finding 

the shortest path form generator to loads and not only one path, it can find 3 paths within an average time of 

1.052 sec in simulation program.  

The adopted constrains maintain secure path so that prevent system collapse during restoration. The 

simulation program is fast enough so it can be used on line restoration. the main contribution of this paper is 

using the Ferranti effect as an important constrain during restoration, besides the load priority method have been 

first during guidance plan which reduce the time of inter network connection.  

For further improvement in this methodology, the guidance plan would be more secure if the power balance 

check within each area added.  
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