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Abstract

:

With the increasing integration of HVDC tie-lines, the regional power systems in both the energy-exporting area and the energy-importing area have been gradually evolving into “strong DC, weak AC” systems. In this paper, a multi-period transmission expansion planning optimization model is proposed for an energy-exporting power grid with hybrid AC/DC interface. While the existing literature has not considered the dynamic security problem in TEP, this paper adopts the conventional total transfer capacity (TTC) index to evaluate the security limit of hybrid AC/DC interface under different transmission expansion schemes. Multiple objectives are considered to reduce the investment cost while promoting the consumption of renewables by enhancing the total transfer capacity of hybrid AC/DC interface. The non-dominated sorting genetic algorithm-II (NSGA-II) is used to compute the optimal solution for the proposed multi-period multi-objective transmission expansion planning problem. A case study on the modified IEEE 39-bus system is presented to demonstrate the effectiveness of the proposed method.
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1. Introduction


The increase in electricity demand and the advocation of emission reduction together raise the need for promoting the integration and consumption of renewable energy sources (RES). However, RES, such as hydro power, wind power and photovoltaic power, are usually located far from the load center. Take China as an example: RES locates on the western region while the load centers are on the eastern region. To this end, high-voltage direct-current (HVDC) transmission systems are being developed for global energy efficiency. In comparison with conventional high-voltage alternative-current (HVAC) tie-lines, HVDC systems have some attractive benefits, such as less economical investment and asynchronous interconnection of AC power systems [1]. However, with the increase in power transmitted by these HVDC tie-lines, the regional power grids at both ends, i.e., the energy-exporting area and energy-importing area, have been gradually evolving into “strong DC, weak AC” systems [2]. These characteristics of “strong DC, weak AC” means that, when subjected to disturbances such as HVDC commutation failures (CFs) or HVDC blocking, the power grid will lose its stability, which inevitably results in catastrophic outages. To address this problem, the transmitted power through either the HVDC tie-lines or the AC tie-lines need to be reduced in the compromised manner for power system security consideration. Although there are a handful of projects that study the stability mechanism [3] and the controlling strategy [4,5] for protecting the hybrid AC/DC power system from insecurity, the reinforcement of the AC power grid is more important as it is essential for supporting the secure operation of the hybrid AC/DC power systems. In other words, if the AC power grids is not reinforced, the transferring power of the HVDC tie-lines has to be reduced, aiming at preventing the instability of the AC power system, which inevitably lead to the curtailment of RES and/or the operating efficiency of the hybrid power system.



Network reinforcement is usually referred to as transmission expansion planning (TEP). Transmission expansion planning (TEP) is widely studied for network reinforcement and to accommodate the increasing integration of supply and demand. In terms of transmission expansion planning, numerous studies in the literature on transmission expansion planning of AC power network have been reported. However, few studies have investigated the TEP of hybrid AC\DC transmission networks. For receiving-end power systems, the exceeding short-circuit current and multi-infeed DC interaction are of concern. An NSGA-II-based optimization method is proposed in [6] to coordinate these two problems. In [7], A hybrid ac/dc transmission expansion planning model is proposed to minimize the total investment, operation and load shedding costs, and the Benders decomposition approach is used to solve the TEP problem. In [8], the continuously variable series reactor (CSVR) is introduced to TEP problem and with properly allocated CVSRs, the planning costs of the TEP problem can be reduced as the CVSRs can be used to enable the flexible regulation of power flow to deal with N-1 contingencies. In [9], the conversion of existing HVAC transmission lines to HVDC lines is considered in a multi-year TEP model and this conversion can reduce the investment cost while increasing the transfer capability to accommodate the integration of remote renewables resources. In [10], a multi-period hybrid AC/DC network expansion planning model that incorporates node voltages, reactive power and network losses is proposed and a second-order conic relaxation is proposed to cope with this complex non-convex problem. In [11], a multi-stage robust TEP model is proposed to reinforce the sending-end power system in order to withstand the conventional HVAC N-1 contingencies and the HVDC bi-pole blocking contingencies. In [12], apart from TEP, a multi-period integrated framework is proposed for coordinated generation expansion planning (GEP), TEP and natural gas grid expansion planning (NGGEP). However, none of the above mentioned studies in the literature consider the dynamic security problem of the hybrid AC/DC power grid. Previously, the authors have proposed a bi-level TEP model in [13]. In this model, the dynamic security of the planned AC/DC transmission network is assessed in the lower-level, but this model is limited to single-stage expansion planning.



In this paper, a multi-period transmission expansion planning optimization model is proposed for the energy-exporting area with hybrid AC/DC interface. The major contributions of this paper are as follows:




	(1)

	
While the existing literature has not considered the dynamic security problem in multi-stage TEP, we use the total transfer capacity (TTC) index to evaluate the dynamic security limit of hybrid AC/DC interface under different transmission expansion schemes;




	(2)

	
Multiple objectives are considered to reduce the investment cost while promoting the consumption of renewables by enhancing the total transfer capacity of hybrid AC/DC interface.









Case study on the modified IEEE 39-bus system is presented to demonstrate the effectiveness of the proposed method.



The rest of this paper is organized as follows. In Section 2, the mathematical modeling of the transfer capacity of hybrid AC/DC interface is discussed and then a heuristic method is proposed to compute the transfer capacity. In Section 3, a multi-period transmission expansion planning optimization model is proposed for an energy-exporting power grid with hybrid AC/DC interface. In Section 4, case study is presented to demonstrate the effectiveness of the proposed method. Finally, a conclusion is made in Section 5.




2. Transfer Capacity of Hybrid AC/DC Interface


Figure 1 depicts the renewable-rich power grid with hybrid AC/DC transmission interface. Renewable generations, such as wind power, photovoltaic power and hydro power, are located in the remote and energy-exporting area where the regional load demand is comparatively low. To promote the consumption of these renewables, the redundant generations are transferred via the HVDC tie-lines and the AC tie-lines to the load center in the energy-importing area.



Total transfer capacity (TTC) [14] evaluates the maximum allowable power flow that can be transferred through a critical interface of the transmission network without the violation of some specific stability constraints, such as thermal limits, voltage stability limits and transient stability limits [15]. The TTC of an interface is highly dependent on the network structure. On the other hand, the TTC can be used to indicate the effectiveness of the planned network structure. In this section, the mathematical modeling and the computation of the TTC of hybrid AC/DC interface are discussed.



2.1. Mathematical Modeling


Mathematically, TTC of a transmission interface can be formulated as an extended optimal power flow problem that searches for the worst-case operating condition which are located on the security boundary. In this paper, the optimization model for transfer capacity of hybrid AC/DC interface is proposed as follows.



2.1.1. Objective Function


The objective function for TTC computation is given in (1):


    min    {       P i G  , i ∈ G        P  i j   D C   , 〈 i , j 〉 ∈  I  D C        }     (    ∑   〈 i , j 〉 ∈  I  A C      P  i j   A C   +   ∑   〈 i , j 〉 ∈  I  D C      P  i j   D C    )   



(1)




where    I  A C     and    I  D C     are the set of AC tie-lines and the set of HVDC tie-lines that together form the hybrid transmission interface.    P  i j   A C     denotes the active power flow through the AC tie-line from Bus i to Bus j, while    P  i j   D C     denotes the transferred active power through the DC tie-line. In this optimization problem, the decision variables include the active power generation    P i G    of all the power plants and the active power    P  i j   D C     of all the DC tie-lines.




2.1.2. Power Flow Equation Constraints


The AC power flow equation constraints are given in (2) and (3):


   P  G , i   −  P  D , i   −  P  H V D C , i   =  V i    ∑   j = 1    N S     V j   (   G  i j   cos  θ  i j   +  B  i j   sin  θ  i j    )   



(2)






   Q  G , i   −  Q  D , i   −  Q  H V D C , i   =  V i    ∑   j = 1  n   V j   (   G  i j   sin  θ  i j   −  B  i j   cos  θ  i j    )   



(3)




where    P  G , i     is the injected real power at bus i from the generator and    P  G , i   = 0   if there is no generator connected to bus i.    P  D , i     is the real power consumption at bus i.    P  H V D C , i     is the real power absorbed by the converter of the related HVDC tie-line and    P  H V D C , i   = 0   if there is no HVDC tie-line connected to bus i.    Q  G , i    ,    Q  D , i     and    Q  H V D C , i     are the related reactive power values.    V i    and    V j    are the bus voltage magnitude of bus i and bus j.    G  i j     and    B  i j     are the real and image parts of the related element in the nodal admittance matrix.    θ  i j   =  θ i  −  θ j    is the difference of voltage phase angle between bus i and bus j.




2.1.3. Steady State Security Constraints


For the computed worst-case operating condition that is related with the TTC computation, the steady state security constraints, such as the branch loading constraint and the bus voltage security constraint, should be satisfied. They are given in (4) and (5):


   |   S  i j    |  ≤  S  i j   m a x   , 〈 i , j 〉 ∈  L  A C    



(4)






   V i  m i n   ≤  V i  ≤  V i  m a x   , i ∈ B  



(5)




where    |   S  i j    |    is the complex power that is transmitted through the AC transmission line from bus i to bus j, while    S  i j   m a x     is the maximum value determined by its thermal limit.    V i  m i n     and    V i  m a x     are the lower and upper limit of bus voltage magnitude.




2.1.4. Differential Algebraic Equations (DAEs)-Based Dynamic Security Constraints


Dynamic security constraints are given in (6)–(9):


   x ˙  = F  (  x , y , c  )   



(6)






  0 = G  (  x , y , c  )   



(7)






   φ  T S A    (  x , y , c  )  ≥ 0  



(8)






  c ∈  C  A C    ∪   C  D C    



(9)




where f denotes the differential equations,  g  denotes the algebraic equations, x denotes the state variable relating to dynamic components, such as generators and their automatic voltage regulators and turbine governors, y denotes the algebraic variable including bus voltage and power flow on transmission lines, u denotes the controllable input variable, and c refers to a specific fault contingency.    C  A C     and    C  D C     denote the fault contingencies related to AC tie-lines and HVDC tie-lines, respectively.    φ  T S A     denotes a specific transient stability assessment criterion and the single machine equivalent (SIME) method is used.




2.1.5. Security Boundary-Oriented Constraint


As is discussed, the computation of TTC is to search for the worst-case operating condition which are located on the security boundary. In this paper, the security boundary is determined jointly by the dynamic security and the steady state thermal security. This constraint is enabled by (10):


    min     {   φ  T S A   ,  φ  T h e r m a l    }  = 0  



(10)




where


   φ  T h e r m a l   =   min   〈 i , j 〉 ∈  L  A C      (   S  i j   m a x   −  |   S  i j    |   )   



(11)







   φ  T h e r m a l     denotes the thermal security criterion of AC transmission lines. Equation (10) ensures that the solution should be located on the security boundary which is determined by either the transient stability or the thermal security.




2.1.6. Feasible Constraints of Decision Variables


The decision variables include the active power generation    P i G    of all the power plants and the active power    P  i j   D C     of all the DC tie-lines. The feasible constraints of these variables are given respectively in (12) and (13):


   P i  G , m i n   ≤  P i G  ≤  P i  G , m a x   , i ∈ G  



(12)






   P  i j   D C , m i n   ≤  P  i j   D C   ≤  P  i j   D C , m a x   , 〈 i , j 〉 ∈  I  D C    



(13)




where    P i  G , m i n     and    P i  G , m a x     are the lower and upper limit of the active power generation for the ith power plant.    P  i j   D C , m i n     and    P  i j   D C , m a x     are the lower and upper limit of HVDC tie-lines.





2.2. Heuristic Method for Transfer Capacity Computation


As is shown in (1)–(13), the optimization model for transfer capacity computation is a complex dynamic programming problem. Conventional approaches transform this model into a nonlinear optimization model by the discretization of the DAEs. However, when the number of contingencies increases, the number of nonlinear equality constraints also increase significantly. It makes it very challenging to solve this nonlinear optimization problem for a practical large-scale power network. In this section, a heuristic method is proposed as the alternative. The procedure of the proposed heuristic method is introduced as follows.




	
Step 1: Determine the critical hybrid AC/DC interface that is of interest. With the HVDC bi-pole blocking scenario as the large disturbance contingency, the post-disturbance response of the power system is obtained by time-domain simulation (TDS). Then, the critical AC cut-set can be identified by the branch potential energy function criterion [16]. The HVDC tie-line and the AC cut-set together form the critical hybrid AC/DC interface;



	
Step 2: Determine the base operating condition. The load demand is firstly determined by long-term load forecasting. With the given network structure, the generation of each power plant can be computed by conventional economic dispatch algorithm. The solution of the economic dispatch is used as the base operating condition;



	
Step 3: Perform contingency analysis. The credible contingencies are pre-determined based on the experience of transmission system operators (TSOs) or generated by considering the typical fault contingencies, such as short-circuit faults of AC transmission lines and HVDC bi-pole blocking. All the contingencies are simulated and the stability margin    φ  T S A   b a s e     is assessed. If security margin is less than a given threshold, go to Step 6; otherwise, proceed to the next step;



	
Step 4: Compute the sensitivities of decision variables to the stability margin. Instead of the analytical trajectory sensitivity [17], the numerical sensitivity is computed in consideration that the Jacobian matrix of the DAEs is usually not available for commercial power system analysis software; meanwhile, real-time decision making is not the prior concern for TEP problem. With Nd decision variables, Nd times of time-domain simulation is carried out in order to assess the changed stability margin under small perturbation of each variable. Then, the sensitivity can be computed by (14):


    d  φ  T S A    (  x , y , c , u  )    d u   ≈    φ  T S A    (  x , y , c , u + Δ u  )  −  φ  T S A    (  x , y , c , u  )    Δ u    



(14)




where   u ∈  {   P i G  , i ∈ G  }   ∪   {   P  i j   D C   , 〈 i , j 〉 ∈  I  D C    }   ;



	
Step 5: Compute the linearized optimization model. Based on the sensitivities to the stability margin and the DC power flow model, the linearized optimization model is derived as follows.


    min    {      Δ  P i G  , i ∈ G       Δ  P  i j   D C   , 〈 i , j 〉 ∈  I  D C        }     (    ∑   〈 i , j 〉 ∈  I  A C      P  i j   A C   +   ∑   〈 i , j 〉 ∈  I  D C      P  i j   D C    )   



(15)






  s . t . {      φ  T S A   b a s e   +   ∑   i ∈ G     d  φ  T S A    (  x , y , c ,  P i G   )    d  P i G    Δ  P i G  +   ∑   i ∈ G     d  φ  T S A    (  x , y , c ,  P  i j   D C    )    d  P  i j   D C     Δ  P  i j   D C   = 0          P i G  + Δ  P i G  −  P  D , i   −  P  i j   D C   − Δ  P  i j   D C   = B θ        |   P  i j    |  ≤  S  i j   m a x   , 〈 i , j 〉 ∈  L  A C          P i  G , m i n   ≤  P i G  + Δ  P i G  ≤  P i  G , m a x   , i ∈ G        P  i j   D C , m i n   ≤  P  i j   D C   + Δ  P  i j   D C   ≤  P  i j   D C , m a x   , 〈 i , j 〉 ∈  I  D C          



(16)




where  B  is the nodal admittance matrix for DC power flow and   θ =    [   θ 1  ⋯  θ   N B     ]   T   . By computing the linearized optimization model in (15–16), the increment or decrement of the decision variables can be computed and then the operating condition is updated by (17) and (18):


   P i G  ←  P i G  + Δ  P i G   



(17)






   P  i j   D C   ←  P  i j   D C   + Δ  P  i j   D C    



(18)







Then, go back to Step 3;



	
Step 6: The critical operating condition is obtained and the transfer limit of the hybrid AC/DC interface is also determined, which will be used as the transfer limits of the hybrid AC/DC interface during the optimization of TEP so as to account for the dynamic security of the system.










3. The Proposed Multi-Period Transmission Expansion Planning Scheme


3.1. The Optimization Model


Assuming that the planning schemes of generation expansion planning (GEP) and the HVDC integration are determined beforehand, the proposed multi-period transmission expansion planning model attempts to reinforce the AC transmission network in order to maximize the TTC of the hybrid interface during each stage of the planning horizon.



3.1.1. Objectives


The objective of the proposed TEP model is two-fold, including the minimization of investment cost    f 1    and the minimization of the aggregated cost of operation and renewable curtailment    f 2   :


    min     {   f 1  ,  f 2   }   



(19)






   f 1  = min   ∑   t ∈ T    [      ∑   i , j ∈  Ω +     c  i j    (   n  i j , t   −  n  i j , t − 1    )       (  1 + r  )    t − 1      ]   



(20)






   f 2  =   min      ∑   t ∈ T    [      ∑   g ∈ G    c g   P  g , t  G  +   ∑   g ∈  G E     c g  c u r t a i l m e n t    (   P  g , t   G , m a x   −  P  g , t  G   )       (  1 + r  )    t − 1      ]   



(21)




where T is the number of planning years and t indicates a specific year during the planning horizon.    Ω +    denotes the set of transmission lines that can be constructed.    c  i j     is the investment cost for the candidate AC transmission line   〈 i , j 〉  , while    n  i j , t     is a binary variable that indicates whether the related transmission line has been constructed and is put into operation at year t.    c g    is the cost coefficient for the gth generator and    P  g , t  G    is the generation dispatch at year t.    G E    denotes the subset of generators that locate at the energy- exporting area.    c g  c u r t a i l m e n t     is the cost coefficient for renewable curtailment and    P  g , t   G , m a x     is the maximum available generation for the gth generator. r is the discount rate for long-term investment.




3.1.2. Power Flow and Steady State Security Constraints for Normal and N-1 Scenarios


At each stage, the power flow and steady state security constraints should be satisfied for both normal and N-1 scenarios:


   P t G  −  P t  D C   −  P t D  =  B t  N − 0    θ t  , ∀ t  



(22)






   |   P  i j , t   N − 0    |  ≤  n  i j , t    S  i j   m a x   , ∀ t , 〈 i , j 〉 ∈  L  A C    



(23)






   P t G  −  P t  D C   −  P t D  =  B t  N − 1    θ t  , ∀ t  



(24)






   |   P  i j , t   N − 1    |  ≤  n  i j , t    S  i j   m a x   , ∀ t , 〈 i , j 〉 ∈  L  A C    



(25)




where    P t G   ,    P t  D C     and    P t D    are the vectors of real power generation, power exchange with HVDC tie-lines, and load demand for all the AC buses.    B t    is the nodal admittance matrix for DC power flow computation and    θ t    denotes the vector of bus voltage phase. The superscripts of N-0 and N-1, respectively, indicate the normal and N-1 scenarios.    P  i j , t   N − 0     and    P  i j , t   N − 1     are the real power flow through the AC transmission line from bus i to bus j under different scenarios.




3.1.3. Security Constraint for Hybrid AC/DC Interface


Apart from the above mentioned steady state security constraints, the dynamic security constraint for hybrid AC/DC interface should also be satisfied:


    ∑   〈 i , j 〉 ∈  I  A C      P  i j , t   A C   +   ∑   〈 i , j 〉 ∈  I  D C      P  i j , t   D C   ≤  P t  T T C    



(26)




where    P t  T T C     is the total transfer capacity of the hybrid AC/DC interface at year t under the given planned network structure.    P t  T T C     is computed by the heuristic method proposed in Section 2.2.




3.1.4. Feasibility Constraints for Decision Variables


The decision variables for the proposed multi-stage TEP model includes the TEP strategy that is related with the transmission lines to be built at different stages and is represented by the binary variables    n  i j , t     and meanwhile the continuous variables that is related with the operating conditions at different stages. The feasibility constraints for decision variables are given in (27)–(30):


   P  g , t   G , m i n   ≤  P  g , t  G  ≤  P  g , t   G , m a x   , ∀ t , g ∈ G  



(27)






   P  i j , t   D C , m i n   ≤  P  i j , t   D C   ≤  P  i j , t   D C , m a x   , ∀ t , 〈 i , j 〉 ∈  I  D C    



(28)






   n  i j   m i n   ≤  n  i j , t   ≤  n  i j   m a x   , ∀ t  



(29)






   n  i j , t − 1   ≤  n  i j , t   , ∀ t  



(30)




where    n  i j   m i n     and    n  i j   m a x     are the minimum and maximum number of parallel transmission lines that can be built.





3.2. The Solution Methodology


Considering that this TEP model is a multi-objective optimization model with nonlinear constraints and integer variables, the well-established non-dominated sorting genetic algorithm-II (NSGA-II) [18] is used to compute the optimal solution. The solution methodology is introduced as follows.



3.2.1. Encoding and Initialization of the Population


For the multi-objective optimization model in (19)–(30), the decision variables include the integer variables    n  i j , t     and the continuous variables    P  g , t  G    and    P  i j , t   D C    . However, these continuous variables are strongly dependent on the integer variablesl; in other words, the network structure under a given transmission expansion scheme. Therefore, this paper treats these variables in a manner similar to bi-level optimization. The population is characterized only by the integer variables. Considering that the integer variables    n  i j , t     denote the number of parallel transmission lines through any corridors, integer variables    n  i j , t     are encoded based on the binary system and then are concatenated based on the pre-defined order of transmission corridors. Instead of explicitly optimizing the continuous variables during the process of evolution, they are computed by the subproblem. Based on the above-mentioned scheme for encoding, the population is initialized independently by binary random sampling.




3.2.2. Fitness Evaluation


Defining the transmission expansion scheme based on a given individual of the population, the network structures for all the stages are determined. The procedure for fitness evaluation is proposed as follows.




	
Step 1: compute the optimal value of the continuous variables    P  g , t  G    based on the DC optimal power flow defined by (22)–(25) and (27);



	
Step 2: with the solution of the continuous variables    P  g , t  G    to be the initial guess of the problem in (1)–(13), compute the total transfer capacity    P t  T T C     of the hybrid AC/DC interface based on the proposed heuristic method in Section 2.2;



	
Step 3: again, compute the optimal value of the continuous variables    P  g , t  G    and    P  i j , t   D C     based on the extended DC optimal power flow defined by (22)–(28);



	
Step 4: based on the solution of the former step, compute the investment cost, the operation cost and the transfer capacity as in (20) and (21);



	
Step 5: then, the computed values of the objective functions are used as the indicator of fitness of any individuals.









3.2.3. The Procedure of Computation of the TEP Scheme Based on NSGA-II


The procedure of evolution-based optimization for a transmission expansion planning scheme is the same as the standard NSGA-II, which includes the crossover, the mutation and more importantly the non-dominated sorting. The technical details of NSGA-II can be found in [18] and are not introduced here due to the limit of space. The flowchart of the procedure is shown in Figure 2. The technical details of each step are discussed as follows:




	
Step 1: determine the inputs and constraints of multi-period transmission expansion planning problem, including the initial network structure of the power grid, the annual increasing ratio of load demands, the long-term generation expansion planning scheme and the HVDC integration planning scheme;



	
Step 2: Initialize the iteration coefficient I = 0. Set the maximum iteration M (for example, M = 100). Set the size of population N (N = 100 in this paper);



	
Step 3: initialize the parent population   N  P i    (I = 0) based on randomized binary sampling on the encoding of the TEP schemes;



	
Step 4: Generate the offspring population   N  Q i    with size N from the parent population   N  P i    through crossover and mutation. Check all the individuals in the offspring population   N  Q i   . If there are any violations of the decision variables constraints in (29) and (30), adjust the encoding of the related individuals so that the constraints in (29) and (30) are always satisfied;



	
Step 5: combine   N  P i    and   N  Q i    to form the population    K i    with the size of 2N. Evaluate the fitness of the population    K i    according to the procedure discussed in Section 3.2.2;



	
Step 6: perform the non-dominated sorting to divide    K i    into several non-dominated layers (   F 1  ,  F 2  , ⋯ ,  F L   );



	
Step 7: Following the sequence of the non-dominated layers (   F 1  ,  F 2  , ⋯ ,  F L   ), the individuals of each non-dominated layer    F l    are added to a new population   N  P  i + 1     until the size of   N  P  i + 1     is equal to N. The rest of the individuals in    F  l + 1     and later layers are eliminated;



	
Step 8: If the maximum iteration is reached, i.e.,   i ≥ M  , go to Step 9. Otherwise, let   i = i + 1   and go back to Step 4;



	
Step 9: check the solutions in the first non-dominated layer    F 1   , the solution that has the lowest investment cost and will not result in renewable curtailments is selected as the final transmission expansion planning scheme.











4. Results


4.1. Testing System


This case study is carried out by using a modified IEEE 10-machine 39-bus system, whose network structure is shown in Figure 2. The model data of the original IEEE 10-machine 39-bus system can be found on [19]. At the initial stage, Bus-(20,21,22,34,35) are removed from the network, which simulates that these substations and the relating transmission line are not constructed. In this modified testing system, two HVDC tie-lines are planned to be connected to Bus-19 and Bus-22 and their rated power are both 4000MW. So, the hybrid interface is composed of these two HVDC tie-lines and the AC transmission lines 15–16 and 16–17. The synchronous generator at Bus-34 is replaced by a double-fed induction generator (DFIG)-based wind farm with the capacity of 2400 MW. Additionally, the synchronous generators at Bus-(33,35,36) are considered as hydro generators and their rated capacity are increased to 2400 MW to represent the results of generation expansion planning. The overall planning horizon for multi-period TEP is set to be 5 years and each period is 1 year. The load demand in the energy-importing area increases by 10% each year. For each transmission corridor, the maximum number of transmission lines that can be built is set to be 4. The length of transmission lines is assumed to be proportional to the reactance by the ratio of 1mile/0.001p.u. and the investment cost is CNY 100 thousand/mile. The electricity price for thermal, hydro and wind power are CNY 50/MWh, CNY 20/MWh and CNY 10/MWh.




4.2. TEP Based on the Proposed Model


The HVDC tie-lines are scheduled to be put into operation in the second and the fifth year, respectively. Based on the proposed model, the transmission expansion planning scheme is computed and the numerical results are shown in Table 1. Nineteen transmission lines and two transformers are built during the five year planning and the aggregated investment cost is CNY 29,633.9. The branches that are put into operation in each planning year can be seen in Figure 3. It should be noted that the dotted line in Figure 3 is used to highlight the additional branches under the proposed model for better comparison with the conventional model (which will be discussed in Section 4.3 in detail).




4.3. Comparison with Conventional TEP Model


To further demonstrate the effectiveness of the proposed model is a comparative case study with a conventional adequacy model, i.e., the model without considering the dynamic security of the hybrid AC\DC interface. The planning scheme of the conventional adequacy model is shown in Figure 4, while the numerical results on investment cost, operation cost and renewable curtailment are provided in Table 2.



As more transmission lines are constructed, the investment cost under Scheme 1 is higher than the investment cost under Scheme 2 (CNY 12,013.5). However, in each planning year, the operation cost under Scheme 1 is lower than the operation cost under Scheme 2. This is because, as more branches have been built and thus the AC power grid is significantly strengthened, the transfer capacity of the hybrid AC/DC interface under Scheme 1 is higher. Then, as a result, the curtailment of renewables in the energy-exporting area decreases, which in turn reduces the holistic electricity purchasing price and the curtailment cost.



To further demonstrate that the proposed model can enhance the dynamic security and also the total transfer capacity of the hybrid AC/DC interface in comparison with the conventional model, a time-domain simulation-based contingency analysis is carried out. The post-contingency rotor angle trajectories are shown in Figure 5.



It can be seen that, when the same amount of active power flow is transmitted through the hybrid AC/DC interface, the power grid of Scheme 1 is able to withstand the critical contingency, while the power grid of Scheme 2 will lose its stability after the occurrence of the contingency. To prevent the power grid of Scheme 2 from dynamic insecurity, the active power flow should be reduced, which inevitably results in the curtailment of renewable generations.





5. Conclusions


With the increasing integration of HVDC tie-lines, the regional power systems in both the energy-exporting area and the energy-importing area have been gradually evolving into “strong DC, weak AC” systems. In this paper, a multi-period transmission expansion planning optimization model is proposed for energy-exporting area with hybrid AC/DC interface. While the existing literature has not considered the dynamic security problem in TEP, this paper adopts the conventional total transfer capacity (TTC) index to evaluate the security limit of hybrid AC/DC interface under different transmission expansion schemes. Multiple objectives are considered to reduce the investment cost while minimizing the curtailment of renewables due to the inadequate transfer capacity of the interface. Case study on the modified IEEE 39-bus system is presented to demonstrate the effectiveness of the proposed method. Numerical results show that the proposed model can maximize the total transfer capacity of the hybrid AC/DC interface so as to promote the consumption of renewables, while the conventional model cannot guarantee the dynamic security and therefore results in renewable curtailments.
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Figure 1. Demonstration of renewable-rich power grid with hybrid AC/DC interface. 
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Figure 2. Flowchart of the procedure of computation of the TEP scheme based on NSGA-II. 
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Figure 3. The network structure of the modified IEEE 39-bus system. 






Figure 3. The network structure of the modified IEEE 39-bus system.



[image: Energies 16 02170 g003]







[image: Energies 16 02170 g004 550] 





Figure 4. The transmission expansion planning scheme under the conventional model. 
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Figure 5. The post-contingency trajectories under different planning schemes. (a) Stage 1 under Scheme 1. (b) Stage 1 under Scheme 2. (c) Stage 2 under Scheme 1. (d) Stage 2 under Scheme 2. (e) Stage 3 under Scheme 1. (f) Stage 3 under Scheme 2. (g) Stage 4 under Scheme 1. (h) Stage 4 under Scheme 2. (i) Stage 5 under Scheme 1. (j) Stage 5 under Scheme 2. 
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Table 1. The multi-period planning scheme based on the proposed model (Scheme 1).
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	Stage
	HVDC Tie-lines
	Generation Units
	Investment Cost/Thousand
	Operation Cost/Thousand
	Curtailment of Renewable Generation/MW





	1
	\
	G33-2
	CNY 3780.0
	CNY 15,960
	250.0



	2
	HVDC-19
	W34-1/W34-2

W34-3/W34-4

G33-3\G33-4
	CNY 2419.1
	CNY 22,227.2
	0.0



	3
	\
	G35-1
	CNY 5514.7
	CNY 20,836.1
	0.0



	4
	\
	W24
	CNY 12,560.2
	CNY 19,384.5
	0.0



	5
	HVDC-22
	G35-2\G35-3

G35-4

G36-2\G36-3

G35-4
	5359.9
	28,429.8
	100.0
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Table 2. The multi-period planning scheme based on the conventional model (Scheme 2).
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	Stage
	Newly Constructed Branches
	Investment Cost/Thousand
	Operation Cost/Thousand
	Curtailment of Renewable Generation/MW





	1
	<16-19-2>
	CNY 1950.0
	CNY 17,204.1
	800.0



	2
	<19-20-1>

<19-20-2>

<19-20-3>

<20-34>
	CNY 2419.1
	CNY 23,421.2
	400.0



	3
	<16-21-1>

<21-22-1>

<22-23-1>

<22-25>
	CNY 4662.1
	CNY 23,317.8
	1100.0



	4
	/
	CNY 0.0
	CNY 21,639.6
	1312.5



	5
	<1-2-2>

<1-39-2>

<8-9-2>

<9-39-2>

<16-24-2>

<22-23-2>

<22-23-3>
	CNY 2982.3
	CNY 31,285.3
	1071.0
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