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Introduction 
• The transmission network is the backbone of the electrical power 

system, thus we must consider that: 
• It is critical to expand it at the minimum cost while keeping a high reliability [1]. 
• We must aim to optimally utilize electricity generation resources to satisfy the 

demand at minimum cost [2]. 
• Generation output uncertainty and the growth of the system size contribute to 

increased concerns regarding system vulnerability [3]. 
• The North American Electric Reliability Corporation (NERC) ensures the 

reliability of power systems in the United States by developing and 
enforcing standards [4]. 

• N-1 contingency: the system must be able to stabilize without any loss-of-load. 
• N-k contingencies, where 𝑘𝑘 ≥ 2: the system still has to restore stability, but a 

limited loss-of-load is allowed. 
• N-1-1 contingencies: refers to the consecutive loss of two components with an 

intervening time period for operator adjustments. 
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1) Transmission and Generation Expansion Planning (TGEP) 
• Subject to budget and binary constraints. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2) Unit Commitment (UC) 
• Subject to initial online/offline generator, minimum/downtime uptime, startup/ 
• shutdown cost, non-negativity, binary and integration of TGEP with UC 

constraints. 
 
 
 
 
 
 
 
 
 
 

3) DC Optimal Power Flow (DCOPF) 
• Subject to power balance at each bus, power flow and transmission lines limits, 

generator dispatch bounds, and generation ramp-up/ramp-down constraints. 
 
 
 
 
 
 
 
 
 
 
 
 
 

4) Contingency-Constrained DC Optimal Power Flow (CC-DCOPF) 
• Subject to power balance at each bus, power flow and transmission lines limits, 

generator dispatch bounds, generation ramp-up/ramp-down, non-anticipative, 
load threshold after second contingency, and non-negativity constraints. 

Fig. 1: N-1-1 contingency on operation horizon 𝑇𝑇 

Where the set of all N-1-1 contingency states      is defined in (4). 

Let 𝒙𝒙 be a vector containing 𝒙𝒙,𝒖𝒖, 𝒄𝒄  and 𝒑𝒑 a vector containing {𝒑𝒑,𝒇𝒇,𝜽𝜽,𝒑𝒑𝑐𝑐 ,𝒇𝒇𝑐𝑐 ,𝜽𝜽𝑐𝑐 ,𝒒𝒒𝑐𝑐 , 𝒛𝒛𝑐𝑐}. Thus, the problem can be 
reformulated in matrix form as (6). 

The original problem can be decomposed into a two-level problem: level 1) Planning and UC and level 2) OPF and 
contingency-constrained OPF as (7). 

To apply the Lagrangian Benders Decomposition, the master and subproblem are determined in (8) accordingly. 
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TABLE I: Lagrangian Benders Decomposition Algorithm 

The proposed model and algorithm are 
implemented in C++ using CPLEX 12.3 via 
ILOG Concert Technology 2.9, and all 
computations are performed on a Linux 
machine with 4 Intel(R) Xeon(TM) CPU 
3.60GHz processors with 32GB RAM with 
an optimality gap of 0.1% for CPLEX. 
Computational time is reported in CPU 
seconds. 

Fig. 3: Total system cost 

Fig. 2: Optimal dispatch levels for N-1-1 contingency 

TABLE II: Fixed contingency results 

TABLE III: Fixed ta and tb contingencies results 
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• Introduced a model for N-1-1 reliable 
expansion planning of an electric power system 
at a minimum cost based on compliance check 
of system operations.  

• An LBD algorithm is adapted for efficient solution. 
• The model and algorithm were tested in modified 

IEEE test systems.  
• Computational time and optimal objective value 

may decrease as failure time approaches the 
operation horizon.  

• A robust optimization formulation will be required 
to identify the worst-case loss-of-load under any 
contingency in 𝐶𝐶. 
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