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Abstract

:

Short-circuit faults in a receiving-end power system can lead to blocking events of the feed-in high-voltage direct-current (HVDC) systems, which may further result in system instability. However, security assessment methods based on the transient stability (TS) simulation can hardly catch the fault propagation phenomena between AC and DC subsystems. Moreover, effective emergency control strategies are needed to prevent such undesired cascading events. This paper focuses on power systems with multi-infeed HVDCs. An on-line security assessment method based on the electromagnetic transient (EMT)-TS hybrid simulation is proposed. DC and AC subsystems are modeled in EMTDC/PSCAD and PSS/E, respectively. In this way, interactions between AC and DC subsystems can be well reflected. Meanwhile, high computational efficiency is maintained for the on-line application. In addition, an emergency control strategy is developed, which coordinates multiple control resources, including HVDCs, pumped storages, and interruptible loads, to maintain the security and stability of the receiving-end system. The effectiveness of the proposed methods is verified by numerical simulations on two actual power systems in China. The simulation results indicate that the EMT-TS hybrid simulation can accurately reflect the fault propagation phenomena between AC and DC subsystems, and the coordinated emergency control strategy can work effectively to maintain the security and stability of systems.
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1. Introduction


With the growing penetration of line-commutated converter-based high-voltage direct-current (LCC-HVDC) lines, power systems with multi-infeed HVDCs, where several HVDC lines feed into nearby AC systems, are becoming more common [1,2]. Due to the complicated interactions among HVDCs and AC systems, such systems are facing challenges in secure and stable operation, especially when the short-circuit capacity of the receiving-end AC system is low relative to the rated power of the HVDCs [3,4,5]. An AC system fault that occurs at the receiving-end system can cause not only commutation failure of the directly-connected HVDC but also concurrent commutation failures or even blockings of adjacent HVDCs, giving rise to risks of instability and large-scale blackouts [6,7,8]. Therefore, it is critical to conduct on-line pre-decisions before such credible contingencies occur so that effective emergency controls can be implemented in time to prevent such cascading failures.



There are two steps involved in the on-line pre-decision-making [9,10,11]. One is the security assessment, which estimates the system security and stability under anticipated contingencies at the current operation point. The other is emergency control strategy decision-making, which generates emergency control strategies based on the security assessment result. Therefore, a control strategy table composed of emergency control strategies and corresponding contingencies will be generated in the pre-decision-making. Once a contingency occurs, emergency controls can be implemented in time by searching the control strategy table. In the on-line pre-decision-making, the control strategy table is updated within a fixed period to adapt to the changing operating conditions.



Up to now, many security assessment methods have been proposed for AC/DC systems. The time-domain simulation method is widely used for its good model extensibility and can be classified into two categories: One is based on mature transient stability (TS) simulators with the built-in models and solvers, like Power System Simulator/Engineering (PSS/E) [12], Bonneville Power Administration (BPA) [13], and Transient Security Assessment Tool (TSAT) [14], and the other is based on customized models and solving algorithms, like the voltage source equivalent-based method [15], multi-decomposition method [16], and optimal subinterval selection method [17]. However, in these methods, HVDC converters are expressed by steady-state models, and the fault propagation phenomena between AC and DC subsystems, such as commutation failures and blocking events caused by AC system faults, may not be reflected accurately. Similarly, in transient energy-based methods [18,19] and their derived methods, which combine them with time-domain simulation methods [20,21], the transient energy function cannot incorporate HVDC converter-involved dynamics, and there is a probability that the commutation failures or blocking event-related issues cannot be identified. However, considering the credible impact of interactions between AC and DC subsystems on the secure and stable operation, accurately detecting the fault propagation phenomena is crucial in the above methods [22,23]. Recently, data-driven artificial intelligence (AI) methods have been proposed as fast tools, e.g., the generative adversarial network (GAN) [24], convolutional neural network (CNN) [25], and deep belief network (DBN) [26]. Most of these methods are at their early stages and their practicality needs to be improved [26]. Therefore, improving the accuracy of the time-domain simulation method or transient energy-based methods is necessary. In fact, to describe the detailed dynamics of HVDCs accurately, electromagnetic transient (EMT) simulation is a suitable tool, but it cannot be used directly in the on-line security assessment due to its low computational efficiency [27]. Therefore, a method that can take advantage of the modeling accuracy of EMT and the computational efficiency of existing security assessment methods should be explored. EMT-TS hybrid simulation, in which the HVDC-related subsystems are modeled in EMT and the rest in TS, provides an idea for solving the problem.



In emergency control, load shedding (LS) is a common measure and its optimization method is continuously improved to achieve cost-effective control for issues like frequency instability [28] and voltage collapse [29]. Subsequently, considering that large disturbances can affect the power angle, voltage, and frequency simultaneously, the authors of [30] constructed an LS optimization model considering multiple security constraints, including transient voltage deviation security, transient frequency deviation security, and transient angle stability, which can remedy the limitation of single security constraint-based methods. In addition to LS, other control resources, such as HVDCs [31,32] and pumped storages [33], can also be used for emergency control. However, their control amount is usually determined separately [31,32,33]. The authors of [34,35] comprehensively coordinate HVDCs, pumped storages, and interruptible loads in the emergency control strategy to handle frequency stability issues in the East China power grid. Nevertheless, similar to [28], only frequency instability is considered in the proposed scheme. The authors of [36] developed a multi-resource coordinated control strategy for an actual power grid to cope with the impact the DC blockings have on weak AC channels, but it was obtained based on the characteristics of the grid without mathematical analysis, which may be not suitable for other grids.



According to the above analysis, for power systems with multi-infeed HVDCs: (1) A security assessment method that can well reflect the fault propagation phenomena between AC and DC subsystems, and generate reliable results within an acceptable time should be studied; and (2) the emergency control strategy that can comprehensively coordinate multiple control resources while satisfying multiple critical security constraints is needed.



In this paper, an on-line pre-decision-making scheme, including security assessment and emergency control strategy decision-making, is proposed for power systems with multi-infeed HVDCs. The contributions are as follows:




	(1)

	
A security assessment method based on EMT-TS hybrid simulation is achieved. DC and AC subsystems are modeled in EMTDC/PSCAD and PSS/E, respectively. The security assessment method can accurately identify the security and stability issues related to interactions between AC and DC subsystems while maintaining the high computational efficiency;




	(2)

	
An emergency control strategy decision-making method that can coordinate HVDCs, pumped storages, and interruptible loads is developed subject to multiple security constraints. The decision-making method can minimize the control costs while maintaining the security and stability of the receiving-end system.









This paper is structured as follows: Section 2 introduces the procedure of the on-line pre-decision-making scheme. Section 3 describes the implementation of the security assessment based on EMT-TS hybrid simulation. Section 4 presents the optimization model and solution method of the emergency control decision-making problem. Two actual provincial systems in China are used to verify the proposed method in Section 5. Section 6 concludes the paper.




2. Procedure of the On-Line Pre-Decision-Making Scheme


In the on-line decision-making scheme, the control strategy table is updated at fixed intervals. During each interval, the operating condition of the system is assumed as being unchanged [11], and the anticipated contingencies include merely the fault and protection action information. According to the severity and probability, the contingencies can be divided into three levels [37]: (1) Single component fault; (2) single severe fault; and (3) multiple severe faults. Especially, in the third level, operation failure of the protection and reclosing failure caused by a permanent fault may induce HVDC blocking events and result in instability of the receiving-end system [38], which should be paid more attention to.



When updating the control strategy table, security assessment is conducted for the anticipated contingency set based on the current operating condition, and the emergency control strategy will be developed if system security and stability issues arise. Therefore, the procedure can be divided into three stages, as shown in Figure 1.




	(1)

	
Off-line preparation. Construct the EMT-TS hybrid model based on the information of the network topology, electrical parameters, control parameters, etc. Then, generate an off-line control strategy table under the anticipated contingency set and pre-determined typical operating conditions (different from the on-line control strategy table, various typical operating conditions need to be considered in the off-line control strategy table [39]), which will provide the initial solution of the decision-making model for the emergency control strategy;




	(2)

	
On-line security assessment based on EMT-TS hybrid simulation. Update the real-time operating state data, including the operation mode of the system and the power flow of the main transmission section; choose one contingency from the anticipated contingency set and run the hybrid simulation. Then, identify possible security and stability issues according to the security indices. Finally, generate the assessment result for contingencies that cause security and stability issues, including the current operating condition, contingency, and power shortage in the receiving-end system; and




	(3)

	
Emergency control strategy decision-making. Initialize the decision-making model with the operating condition and the control strategy. The operating condition is obtained from the assessment result. The control strategy, which is used as the initial solution, is determined based on the power shortage and the control strategy obtained through an approximate search of the off-line control strategy table. Then, solve the decision-making model based on the beetle antennae search (BAS) algorithm [40], a meta-heuristic algorithm developed by the inspiration of the beetle forging principle, until the termination criteria are met.










3. Security Assessment Based on EMT-TS Hybrid Simulation


Security assessment refers to the analysis required to determine whether a power system can meet specified security criteria in both transient and steady-state time frames under credible contingencies [41]. Therefore, assessment methods and security indices are two of the parts involved in the security assessment. Considering that commutation failures and blocking events caused by AC system faults are typical fault propagation phenomena between AC and DC subsystems, the analysis of commutation failures and blocking events simulation is firstly analyzed in the following subsections. Then, the principle of EMT-TS hybrid simulation modeling and the security assessment index system are introduced.



3.1. Analysis of Commutation Failures and Blocking Events Simulation


The essence of the commutation failure is that the thyristor cannot establish a forward voltage blocking capability due to the insufficient negative voltage time, which can be represented by the extinction angle [42]. Therefore, a commutation failure can be considered to occur when the extinction angle is less than the inherent limit of the thyristor. As stated in [38], a commutation failure, which occurs again after an interval of 200 ms, is called a continuous commutation failure in engineering and may cause an HVDC blocking event. Therefore, in the study, a continuous commutation failure with an interval of 200 ms is taken as the condition of HVDC blocking.



However, in the simulation analysis, different criteria are developed to determine the occurrence of commutation failures and blocking events due to different modeling methods of HVDC converters. Table 1 compares the typical criteria of commutation failures and blocking events in the pure TS simulation and EMT-TS hybrid simulation. In the pure TS simulation, the models of the HVDC converter, such as the CDC4 model in PSS/E, are represented by steady-state equations. That is, the HVDC converter is modeled without thyristor valves, so commutation failures and blocking events can only be identified according to the AC voltages at commutation buses [43]. The AC voltage criteria are usually obtained under the assumption of an infinite AC system and the effect of voltage waveform distortion on commutation failures is ignored, so the accuracy is poor [42]. In the EMT-TS hybrid simulation, HVDC converters are modeled by thyristor valves, which are consistent with the actual condition, so commutation failures and blocking events can be identified accurately through detection of the extinction angle and the interval between two commutation failures.



Therefore, the EMT-TS hybrid simulation can achieve more accurate results in the commutation failures and blocking events simulation. It is more suitable for the security assessment of receiving-end systems to identify HVDC-related security and stability issues, which is validated in Section 5.




3.2. Principle of EMT-TS Hybrid Simulation Modeling


To build the hybrid simulation platform, two mature business software, PSS/E [45] and EMTDC/PSCAD [46], are integrated based on the interface software E-Tran Plus [47]. To construct the hybrid simulation model, several issues should be addressed:




	(1)

	
Interface location. As shown in Figure 2, the power system will be divided into two parts: The internal network and the external network. The internal network is comprised of HVDCs and the nearby AC buses, and it is modeled in the EMT simulator EMTDC/PSCAD. The rest of the system is the external network and is represented in the TS simulator PSS/E. To guarantee the accuracy and efficiency of the hybrid simulation, a proper interface location should be identified.




	(2)

	
Equivalent models of the external and internal networks. For the model in EMTDC/PSCAD, in addition to the detailed model of the internal network, an equivalent model of the external network needs to be constructed to ensure the integrity of the system. Similarly, an equivalent model of the internal network in PSS/E is also indispensable.




	(3)

	
Interaction protocol and data. During the hybrid simulation, the two simulators will exchange data through a certain interaction protocol to update the states of the equivalent models in time.









3.2.1. Identify the Interface Location


When HVDC was first simulated in an EMT-TS hybrid simulation, the interface was located at the terminal buses of converters [48,49]. Subsequently, considering that TS simulation based on the fundamental frequency positive-sequence phasor model cannot effectively represent the waveform distortion or phase imbalance at converter terminals, an extension of the internal network into the AC system was suggested [50]. However, the specific methods for identifying the interface location were not mentioned. In PSS/E, phase imbalance caused by asymmetrical faults can be described by appending negative-sequence and zero-sequence parameters to the positive-sequence system, so the interface location mainly depends on the description of harmonic distortion, which is related to the frequency [51].



Based on the above analysis, a frequency-domain characteristics analysis method is used here to identify the location of the interface. The range of the internal network is expanded continuously and the impedance-frequency characteristics at the buses of interest are analyzed in the hybrid simulation, until the differences among the impedance-frequency characteristics under different locations reduce to a certain range. That is, expanding the scope of the internal network has almost no effect on the impedance-frequency characteristics anymore. Then, the interface location is finally identified based on the smaller internal network of the last two-scope internal networks.



In the security assessment of power systems with multi-infeed HVDCs, HVDC dynamics are essential and should be described accurately. Therefore, the commutation buses at the rectifier side and inverter side can be taken as the buses of interest.




3.2.2. Equivalent Models of the External and Internal Networks


In the study, the construction of equivalent models is implemented in E-Tran Plus. In order to consider the asymmetrical faults, a multi-port three-phase equivalent circuit with voltage sources, PI sections and transformers, is constructed in EMTDC/PSCAD to represent the external network. PI sections represent the impedance between buses of the same voltage level, whereas transformers represent the impedance between buses of different voltage levels. As for the equivalent model of the internal network, the generator model is used in PSS/E. When performing the power flow calculation to get the updated data, which will be transferred to EMTDC/PSCAD, the generator model will act as a current injection and a change in the system admittance matrix in PSS/E. The equivalent models of both networks can be found in the implementation of the hybrid simulation shown in Figure 3.




3.2.3. Interaction Protocol and Data


A parallel interaction protocol is adopted to exchange the updated data, indicating both simulators run simultaneously during the simulation process. Before the simulation, initialization will be executed, in which the equivalent voltage sources in EMTDC/PSCAD and the equivalent generators (or current sources and admittance matrix) in PSS/E are initialized based on the power flow results of the pure TS simulation in PSS/E. During the simulation, the voltage magnitude, phase angle, and frequency information from PSS/E will be sent to EMTDC/PSCAD to update the equivalent voltage sources. At the same time, a discrete Fourier transform (DFT) will be used to extract PQ values from EMTDC/PSCAD to update the equivalent generators. All the data are exchanged at the time step of the TS simulation.





3.3. Security Assessment Index System


During the security assessment, the EMT-TS hybrid simulation model is updated with the real-time operating data obtained by the intelligent measurement system and run under the pre-defined contingency. Then, the results are evaluated based on a security assessment index system to identify the security and stability issues. Once any security index in the simulation results exceeds the preset range, the current operating condition, contingency, and power shortage in the receiving-end system will be sent to the decision-making model to obtain the optimal emergency control strategies.



The security assessment index system is composed of static security indices and dynamic security indices. The steady-state frequency deviation, voltage deviation, and power flow of the lines belong to static indices while the maximum/minimum value of the transient voltage and frequency, as well as the maximum transient relative power angle, belong to dynamic indices. Referring to [52], the preset ranges of the security assessment index system are shown in Table 2. In static indices, the threshold values of the steady-state frequency deviation Δf and steady-state voltage deviation ΔV are 0.05 Hz and 0.1 p.u., respectively; and the power flow of lines should be less than the transmission power limit pmax, which is 1 p.u. in the study. As for dynamic indices, the security threshold of equipment, as well as coordination among different controls, needs to be considered. To ensure the safety of power system equipment, the maximum value of the transient voltage should be less than 1.3 p.u.; to avoid triggering low-voltage LS, high-frequency generator tripping, and low-frequency LS, the minimum value of the transient voltage should be higher than 0.85 p.u. and the threshold values of the maximum/minimum transient frequency are 51.5 and 49.25 Hz, respectively. At the same time, the power angle difference Δδ of any two units should be less than 360° to avoid the out-of-step of the first and second pendulums.





4. Emergency Control Strategy Decision-Making Based on BAS


When a security or stability issue is identified by security assessment, the emergency control strategy will be generated by solving the decision-making model with BAS. In the following subsections, the mathematical decision-making model and the decision-making procedure of the emergency control strategy are described.



4.1. Mathematical Decision-Making Model


The emergency control strategy decision-making problem can be formulated as a constrained optimization problem. The objective includes minimizing control costs and deviations of the frequency and voltage, and adjustment amount constraints, steady-state constraints, and transient-state constraints are considered.



4.1.1. Objective Function


The primary objective is minimizing the total control costs of multiple resources, and the secondary objective is minimizing the total weighted deviations of the frequency and voltage. The two objectives are normalized and combined through a weighted coefficient to formulate the objective function f, as shown in the following equations:


  min f =  f 1  +  ω 0   f 2  ,  



(1)






  min  f 1  = (   ∑  i = 1    N D     Δ  p i  DC     +   ∑  j = 1    N S     Δ  p j  pump   ⋅  x j    +   ∑  k = 1    N L     Δ  p k  load     ) /  S  base   ,  



(2)






  min  f 2  =  ε f    ∑ g     Δ  f g  ( p )    σ g   f  base     +    ε v    ∑ m     Δ  V m  ( p )    V  base      K V    ,  



(3)






  Δ  f g  ( p ) = Δ  f s  ( p ) + Δ  f g d  ( p ) ,  



(4)






  Δ  V m  ( p ) = Δ  V m s  ( p ) + Δ  V m d  ( p ) ,  



(5)




where    f 1    is the primary objective;    f 2    is the secondary objective;    ω 0    is the weighted coefficient;    N D   ,    N S   , and    N L    are the numbers of HVDCs, pumped storages, and interruptible loads in emergency resources;   Δ  p i  DC     is the power adjustment of HVDC i;   Δ  p j  pump     is the consumed power of the tripped pumped storage  j ;    x j    is a 0–1 variable, 1 represents tripping the pumped storage  j  while 0 represents keeping the original state;   Δ  p k  load     is the power adjustment of load  k ;    S  base     is the base value of the power system capacity;    ε f    and    ε v    are the weighted coefficients of the frequency and voltage;   Δ  f g    and    σ g    are the frequency deviation and coefficient of the primary frequency adjustment at the generator  g , respectively;    f  base     is the reference frequency;   Δ  V m    is the voltage deviation of bus  m ;    K V    is the voltage regulation factor;    V  base     is the reference voltage;   Δ  f s    is the steady-state frequency deviation of the system;   Δ  f g d    is the transient-state frequency deviation of bus  g ; and   Δ  V m s    and   Δ  V m d    are the steady-state and transient-state voltage deviations of bus  m .



Equation (1) is the objective function, in which the weighted coefficient    ω 0    is defined by users. Equation (2) is the primary objective, with   Δ  p i  DC    ,    x j   , and   Δ  p k  load     as decision variables. Equation (3) describes the secondary objective. Considering that the power imbalance of the receiving-end system due to the HVDC blocking event will seriously affect the system frequency, assume    ε f  >  ε v   . Equations (4) and (5) represents the frequency deviation and voltage deviation, respectively.



It should be noted that the priority of three kinds of control resources is different, which is reflected by the control action time in the control strategy. Taking the control speed and control cost into account, the action sequence adopted here is HVDCs, pumped storages, and interruptible loads. Considering the communication delay and control device response time, the control action time of HVDCs is 100 ms after the security or stability issue occurs, and the pumped storages and interruptible loads are followed, which are 300 and 500 ms, respectively [53]. Therefore, the control action time for control resources is fixed and not taken as the decision variable in the decision-making.




4.1.2. Adjustment Amount Constraints


The adjustment amount of each equipment should not exceed its maximum power capacity, such as the maximum active power of HVDC can be increased up to being 1.1 times the rated capacity [54]. Therefore, the emergency control strategies should meet the following constraints:


   p i  DC , min   −  p i  DC   ≤ Δ  p i  DC   ≤  p i  DC , max   −  p i  DC     ( i = 1 , ⋅ ⋅ ⋅ ,  N D  ) ,  



(6)






   p k  load , min   −  p k  load   ≤ Δ  p k  load   ≤  p k  load , max   −  p k  load     ( k = 1 , ⋅ ⋅ ⋅ ,  N L  ) ,  



(7)




where    p i  DC     is the transmission power of HVDC  i ;    p i  DC , max     and    p i  DC , min     are the transmission power limits of HVDC  i ;    p k  load     is the power of load  k ; and    p k  load , max     and    p k  load , min     are the LS amount limits of load  k .



Equation (6) is the power adjustment amount limits of HVDC and Equation (7) is the LS limits.




4.1.3. Steady-State Constraints


Based on the indices discussed in Section 3.3, the steady-state constraints are as follows:


  Δ  f   s ,  min   < Δ  f s  ( p ) < Δ  f   s ,  max     ,  



(8)






  Δ  V m  s , min   < Δ  V m s  ( p ) < Δ  V m  s , max     ( m = 1 , ⋅ ⋅ ⋅ ,  N B  ) ,  



(9)






   S q s  ( p ) <  S q  s , max     ( q = 1 , ⋅ ⋅ ⋅ ,  N T  ) ,  



(10)




where   Δ  f   s ,  max     and   Δ  f   s ,  min     are the steady-state frequency deviation limits of the system;    N B    is the total number of the buses;   Δ  V m   s , max      and   Δ  V m   s , min      are the upper and lower limits of the steady-state voltage deviation at bus  m ;    N T    is the total number of lines;    S q s    is the transmission power of line  q ; and    S q  s , max     is the transmission power limit of line  q .



Equations (8) and (9) are the steady-state deviation limits of the frequency and voltage. Equation (10) is the transmission power limit of lines.




4.1.4. Transient-State Constraints


The transient variables, such as the transient frequency deviation, transient voltage deviation, and relative power angle, of the generators should meet:


  Δ  f g   d , min    < Δ  f g d  ( p ) < Δ  f g   d , max      ( g = 1 , ⋅ ⋅ ⋅ ,  N G  ) ,  



(11)






  Δ  V m   d , min    < Δ  V m d  ( p ) < Δ  V m   d , max      ( m = 1 , ⋅ ⋅ ⋅ ,  N B  ) ,  



(12)






  Δ  δ  s , r   ( p ) < Δ  δ  max     ( s , r = 1 , ⋅ ⋅ ⋅ ,  N G  ) ,  



(13)




where    N G    is the total number of the generators;   Δ  f g   d , max      and   Δ  f g   d , min      are the upper and lower limits of the transient frequency deviation at generator  g ;   Δ  V m   d , max      and   Δ  V m   d , min      are the upper and lower limits of the transient voltage deviation at bus  m ;   Δ  δ  s , r     is the power angle difference between generators  s  and  r ; and   Δ  δ  max     is the maximum power angle difference between any two units during the transient process.



Equations (11) and (12) are the transient deviation limits of the frequency and voltage. Equation (13) is the transient limit of the power angle difference.





4.2. Decision-Making Procedure of the Emergency Control Strategy


As described in Section 4.1.1, the priority and the control action time of the emergency resources are different. In the decision-making process, the resources are optimized in order of priority, which is HVDCs, pumped storages, and interruptible loads. Only when the adjustable amount of the resource with high priority is insufficient to maintain the security and stability will the resource with low priority be adjusted. Therefore, the types of control resources that need to be adjusted should be determined firstly according to the power shortage and the control strategy obtained from the off-line table. Then, those with high priority are adjusted to the maximum adjustment amount, and those with low priority are optimized by solving the decision-making model.



As for the solution method, there are two kinds that can be used to solve the non-linear decision-making problems: One is to transform the non-linear function to a linear function, such as the trajectory sensitivity-based method in [30], and the other is to handle the problems with AI algorithms. In the study, the latter one is adopted, in which the BAS algorithm [40] and TS simulation are combined to obtain the optimal control strategy. Considering that the BAS algorithm may take several iterations during the decision-making process and the influence of the control strategies brought by the steady-state model in TS simulation is relatively small, TS simulation is used to improve the overall efficiency. At the same time, it should be noted that the decision variable corresponding to the pumped storages is an integer variable. In the optimization, it is treated as a continuous variable, and finally rounded to the nearest integer to obtain the decision-making result.



The specific decision-making procedure is as follows and the flowchart is shown in Figure 4.



Step 1: Initialization of the decision-making model.



Determine the types of control resources that need to be adjusted through comparing the adjustable amount of the resources and the power shortage. Obtain the control strategy corresponding to the pre-determined contingency and the current operating condition through an approximate search of the off-line control strategy table. If the control resource types in the control strategy are the same as those determined based on the power shortage, then the control strategy is used as the initial population  x ; otherwise, if the control resource types in the control strategy differ from those determined based on the power shortage, the control resource types are consistent with those determined based on the power shortage, and the resource with the lowest priority in the control resource types will be optimized, with the initial adjustment amount as 0. Then, initialize the decision-making model with the current operating state data, initial population  x , and other solution parameters. The solution parameters include the variable step-size parameter E, the step-size    s p   , the distance between left and right populations    d 0   , and the number of iterations  n .



Step 2: Fitness value calculation of the current population.



Update the TS simulation model with the current control strategy, i.e., the current population x. Then, extract the deviations of the frequency and voltage described in Section 3.3 through traversing the simulation results. Finally, calculate the fitness value of the current population based on the fitness value function shown in Equations (1)–(5).



Step 3: Update of the population.



Assume that the beetle forages randomly in any direction, then the direction vector from its right antenna to the left antenna should also be random. Therefore, the optimization problems in    k  dim     dimensional space can be represented and normalized by a random vector:


  D =   r a n d s (  k  dim   , 1 )    |  r a n d s (  k  dim   , 1 )  |    ,  



(14)




where    k  dim     is the spatial dimension and   r a n d s ( )   is a random function.



To imitate the activities of the beetle’s left and right antennae, populations    x l    and    x r    are defined to represent a population in the left-side and right-side searching areas, respectively:


   x l  −  x r  =  d 0  ⋅ D ,  



(15)






   x l  = x +  d 0  ⋅ D / 2 ,  



(16)






   x r  = x −  d 0  ⋅ D / 2 .  



(17)







Then, the fitness values of populations    x l    and    x r    are calculated based on TS simulation results and Equations (1)–(5), and expressed as    f  left     and      f  right    , respectively.



Finally, the position where the beetle will go next, i.e., the next population, can be determined by comparing the fitness values    f  left     and      f  right     based on Equation (18):


  x =  {    x + E ⋅  s p  ⋅ D   (  f  left   <  f  right   )     x − E ⋅  s p  ⋅ D   (  f  left   >    f  right   )     .  



(18)







The variable step-size parameter  E  is between 0 and 1, and 0.95 is an acceptable value here.



Step 4: Termination criteria



If the difference between the fitness values of two adjacent populations is less than the threshold value  ε  or the number of iterations  n  has reached the maximum value, as shown in Equation (19), then the decision-making is terminated and the new population is considered as the optimal emergency control strategy; otherwise, take the previous population as the input and perform step 2 and step 3 again until Equation (19) is met:


    f n  −  f  n − 1   ≤ ε     or   n ≥  n  max   ,   



(19)




where    f n    and    f  n − 1     are the fitness values of the   n th   iteration and   ( n − 1 ) th   iteration, respectively; and    n  max     is the maximum number of iterations.





5. Case Studies


In this section, two actual power systems in China are used as the test systems to verify the proposed scheme.



5.1. Test System 1


The topology of test system 1 is shown in Figure 5. There are 64 equivalent loads, 39 equivalent generators, 101,000 kV buses, 80,500 kV buses, and 3 HVDC lines: ±660 HVDC 1, ±800 HVDC 2, and ±800 HVDC 3. The total capacity of equivalent loads is 59.6 GW, and the transmission power of the HVDC lines are 4, 8, and 8 GW, respectively. That is, the capacity proportion of HVDCs is 33.56% of the equivalent loads.



5.1.1. Construction of the Hybrid Simulation


As discussed in Section 3.2.1, the accuracy of the hybrid simulation is related to the interface buses, so the frequency-domain characteristics analysis is conducted to determine the interface buses.



For the convenience of description, the number of branches in the shortest path between two buses is defined as the electrical distance. For example, the electrical distance between bus 38 and bus 66 is 3. Since the commutation buses are modeled as the internal nodes of the HVDC model in PSS/E, the buses with an electrical distance of 2, 3, 4, and 5 from the commutation buses are taken as the interfaces to construct the hybrid simulation models, respectively. According to Section 3.2.1, the impedance-frequency characteristics at the commutation buses of HVDCs are obtained based on the frequency-domain characteristics analysis. Take HVDC 2 as an example, the positive-sequence impedance-frequency characteristics of the rectifier-side bus 301 and inverter-side bus 55 are shown in Figure 6.



As can be seen in the figures, the differences of the impedance-frequency characteristics at bus 301 under different interface locations are negligible, which may result from the direct connection with generator 302. Additionally, the four waveforms at bus 55 match well when the frequency is lower than 110 Hz and higher than 400 Hz. Although some differences exist under other frequencies, the characteristics under 2 buses away and 3 buses away are very close. Buses with an electrical distance of 2 from the commutation buses are taken as the interface location.




5.1.2. Implementation of Security Assessment and Emergency Control Strategy Decision-Making


As discussed in Section 2, operation failure of protection and reclosing failure caused by a permanent fault are two issues of interest to researchers in recent years. Therefore, they are studied as two scenarios in the study. To verify the accuracy of the proposed EMT-TS hybrid simulation, the PSS/E simulator is adopted as the pure TS simulation tool for comparison.



In the EMT-TS simulation, the limit of the extinction angle for commutation failures determination is 7.2°. In PSS/E, the actual AC voltage criteria of commutation failures for HVDC 1, HVDC 2, and HVDC 3 are 528, 628, and 628 kV while the criteria of blocking events are 0.6 p.u.



• Scenario 1: Operation Failure of Protection



a. Implementation of Security Assessment.



In this case, a three-phase short-circuit fault occurs at line from bus 29 to bus 46 at 1.1 s, and the opening of the circuit breaker fails due to its malfunction. Therefore, the faulted line is finally isolated by tripping circuit breakers of adjacent lines at 1.4 s, which is called failure protection.



Figure 7 shows the corresponding responses of typical interface buses and HVDC 2 in the hybrid simulation and PSS/E. As can be seen from Figure 7a, the waveforms of interface buses match well before the fault occurs. Although there is a slight deviation in the transient process before the fault removal, a similar trend is obtained, which can verify the correctness of the hybrid simulation results. Meanwhile, continuous commutation failures of HVDC 2 are observed in both PSS/E and hybrid simulations during the fault. It should be noted that due to the different modeling methods of HVDC converters, the extinction angle under commutation failures is different in PSS/E and the hybrid simulation. In PSS/E, the extinction angle is set to 90° [45], while in the hybrid simulation, the extinction angle is lower than 7.2° [46]. Therefore, it can be seen from the waveforms of the extinction angle in Figure 7b, in both PSS/E and the hybrid simulation, the intervals between two commutation failures (extinction angle is lower than 7.2° in the hybrid simulation while equals to 90° in PSS/E) are longer than 200 ms, which indicates the occurrence of continuous commutation failures. Nevertheless, HVDC 2 is blocked at 1.4 s in the hybrid simulation while not in PSS/E, which can be seen from the slow restoration of the inverter-side active power in PSS/E. Therefore, it validates that the ETM-TS hybrid simulation proposed in this paper can detect the blocking event while there is a limitation in using pure TS simulation to detect blocking events.



Through traversing the simulation results of scenario 1, it can be found that the steady-state frequency deviation |Δf| is 0.24956, which exceeds the threshold of 0.05, and the minimum transient frequency is 49.169, which is lower than the threshold of 49.25 Hz. Therefore, the emergency control strategy should be developed to maintain the security and stability of the receiving-end system.



b. Implementation of Emergency Control Strategy Decision-Making.



Since there is no pumped storage in the provincial power system, only HVDCs and interruptible loads are taken as the control resources. By applying the decision-making method proposed in Section 4.2, the emergency control strategy for the bipolar blocking event of HVDC 2 is to increase the transmission power of the rest HVDC systems by 1.2 GW at 1.5 s and shear a load of 6.16 GW at 1.7 s. The static security indices and dynamic security indices before and after adopting the emergency control strategy are shown in Figure 8. The steady-state and transient frequency indices will exceed the preset range without control, while all static and dynamic indices are within preset ranges with the control strategy obtained by the proposed method.



In order to further verify the control effect of the emergency control strategy, the trajectory sensitivity-based LS scheme proposed in [55] is compared with the proposed scheme in the paper, and the results are shown in Figure 9. The LS ranges of the sensitivity-based scheme are set as (0, 10%) and (0, 14%), respectively. As can be seen from the results, the LS amount under the two ranges are concentrated at the upper or lower limit, and there is significant non-uniformity. The control costs are 6.4763 and 6.4712 GW, respectively. In comparison, the LS amount obtained from the proposed scheme has higher consistency among the entire network, and the local LS is not uniform. Furthermore, the control cost of LS is reduced to 6.1646 GW.



• Scenario 2: Reclosing at a Permanent Fault



a. Implementation of Security Assessment.



In this scenario, a three-phase short-circuit fault occurs at the line between bus 65 and 66 at 1.1 s, and the circuit breaker is opened at 1.2 s. In addition, the reclosing of the circuit breaker at 2.2 s fails due to a permanent fault. Therefore, the circuit breaker is reopened at 2.3 s.



The results of typical interface buses, HVDC 2 and HVDC 3, are shown in Figure 10. It can be seen in Figure 10a that the voltage waveforms of interface buses in hybrid simulation and PSS/E before reclosing are close. However, the HVDC systems show different characteristics during the transient process. As can be seen in Figure 10b,c, in the hybrid simulation, continuous commutation failures are observed in HVDC 2 and HVDC 3 due to the unsuccessful reclosing of the breaker, so they are blocked at 2.3 s; while in PSS/E, the active power of the HVDC systems restores slowly after the reopening of the breaker. Obviously, reclosing to a permanent fault does not cause the second commutation failure in PSS/E, which shows the limitation of adopting the AC voltage at the inverter side as the criterion for detecting the commutation failure.



Different from Scenario 1, in addition to the steady-state frequency deviation and the minimum transient frequency, the maximum transient frequency exceeds the threshold. Therefore, the emergency control strategy should be developed.



b. Implementation of Emergency Control Strategy Decision-Making.



As discussed in the above, the permanent fault will cause bipolar blocking events of HVDC 2 and HVDC 3, leading to a power loss of 16 GW. Through applying the decision-making method proposed in Section 4.2, the emergency control strategy is to increase the transmission power of the rest HVDC systems by 0.4 GW at 2.4 s and shear a load of 15.3 GW at 2.6 s. The static and dynamic indices before and after adopting the emergency control strategy are shown in Figure 11. The steady-state and transient frequency indices will exceed the preset ranges without control, while all static and dynamic indices are within preset ranges with the control strategy obtained by the proposed method.





5.2. Test System 2


Test system 2 is divided into three regional grids by 8 HVDC lines, as shown in Figure 12. There are 271 buses and 296 AC transmission lines. The total capacity of the generators and loads are 27,550 and 26,878 MW, respectively. For the HVDCs, the rated voltage is ±800 kV and the transmission power is 800 MW, respectively. The specific information of regions is shown in Table 3.



Due to the space limitations, only the results of the emergency control strategy are presented. Assume that HVDC 3 is blocked at 1.4 s under the scenario of operation failure of protection. The steady-state frequency and the transient frequency of region A and C exceed the threshold. Therefore, the emergency control strategy is developed based on the decision-making method proposed in Section 4.2.



The emergency control strategy for the bipolar blocking event of HVDC 3 is to increase the transmission power of the rest HVDC systems between region A and C by 160 MW (HVDC 2 and HVDC 6), HVDC systems between region B and C by 320 MW (HVDC 4, HVDC 5, HVDC 7, and HVDC 8), and decrease the transmission power of HVDC 1 by 320 MW at 1.5 s. Then, a generator of 600 MW in region A is sheared at 1.6 s and a load of 500 MW in region C at 1.7 s. The static and dynamic security indices of the three regions before and after adopting the emergency control strategy are shown in Figure 13, Figure 14 and Figure 15, respectively. The steady-state and transient frequency indices of region A and C finally meet the preset ranges with the control strategy obtained by the proposed method.





6. Conclusions


This paper proposes an on-line pre-decision-making scheme, including security assessment and an emergency control strategy decision-making, for power systems with multi-infeed HVDCs. The security assessment method is based on the EMT-TS hybrid simulation, and can generate accurate assessment results while maintaining the high computational efficiency. The emergency control strategy decision-making method can make full use of HVDCs, pumped storages, and interruptible loads to maintain the security and stability of receiving-end systems. The case studies showed that the proposed scheme is reliable. In addition, the results also indicate that it is essential to describe interactions between AC and DC subsystems in security assessment to identify HVDC-related security and stability issues.



In future work, the dynamic average-value modeling method can be used in HVDC modeling to further improve the computational efficiency. In addition, more attention will be paid to the detailed design of the emergency control strategy, such as the coordination of HVDC controllers and the classification of interruptible loads.
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Figure 1. Procedure of the on-line pre-decision-making scheme. 
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Figure 2. Topology of the power system. 
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Figure 3. Implementation of the hybrid simulation. 
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Figure 4. Flowchart of the decision-making procedure. 
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Figure 5. Topology of test system 1. 
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Figure 6. (a) Impedance-frequency characteristic of the rectifier-side bus 301; (b) Impedance-frequency characteristic of the inverter-side bus 55. 
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Figure 7. (a) Voltage of typical interface buses; (b) Active power, dc voltage, and extinction angle at the inverter side of HVDC 2. 
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Figure 8. (a) Static indices; (b) Dynamic indices corresponding to the minimum transient frequency and voltage; (c) Dynamic indices corresponding to the maximum transient frequency and voltage. 
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Figure 9. Load shedding amount under different schemes. 
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Figure 10. (a) Voltage of interface buses; (b) Active power, dc voltage and extinction angle at the inverter side of HVDC 2; (c) Active power, dc voltage, and extinction angle at the inverter side of HVDC 3. 
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Figure 11. (a) Static indices; (b) Dynamic indices corresponding to the minimum transient frequency and voltage; (c) Dynamic indices corresponding to the maximum transient frequency and voltage. 
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Figure 12. Topology of test system 2. 
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Figure 13. Static and dynamic security indices of region A. (a) Static indices; (b) Dynamic indices corresponding to the maximum transient frequency and voltage. 
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Figure 14. Static and dynamic security indices of region B. (a) Static indices; (b) Dynamic indices corresponding to the maximum transient frequency and voltage. 
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Figure 15. Static and dynamic security indices of region C. (a) Static indices; (b) Dynamic indices corresponding to the minimum transient frequency and voltage. 
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Table 1. Typical criteria of commutation failures and blocking events in two simulation methods.
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	Simulation Methods
	Commutation Failures
	Blocking Events





	Pure TS simulation
	AC voltage at the inverter side (e.g., 0.785 p.u.)
	AC voltage at the

rectifier side (e.g., 0.6 p.u.)



	EMT-TS simulation
	Extinction angle (7.2° [44])
	Interval between two commutation failures (200 ms [38])
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Table 2. Preset ranges of the security assessment index system.






Table 2. Preset ranges of the security assessment index system.





	Static Security Indices
	Preset Range
	Dynamic Security Indices
	Preset Range





	steady-state

frequency deviation (Hz)
	|Δf| < 0.05
	maximum/minimum transient frequency (Hz)
	49.5 < f < 50.5



	steady-state

voltage deviation (p.u.)
	|ΔV| < 0.1
	maximum/minimum transient voltage (p.u.)
	0.85 < V < 1.1



	steady-state

power flow of lines (p.u.)
	p < pmax
	maximum transient relative power angle (°)
	Δδ < 360°
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Table 3. Specific information of regions.






Table 3. Specific information of regions.





	Regions
	Capacity of Generators (MW)
	Capacity of Loads (MW)
	Sending HVDC (MW)
	Feeding HVDC (MW)





	Region A
	8100
	6363
	3200
	800



	Region B
	10,000
	5653
	4000
	0



	Region C
	9450
	14,862
	0
	5600
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