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Abstract

:

This paper proposes two novel power control strategies to improve the angle stability of generators using a Back-to-Back (BTB) system-based voltage source converter (VSC). The proposed power control strategies have two communication systems: a bus angle monitoring system and a special protection system (SPS), respectively. The first power control strategy can emulate the behaviour of the ac transmission to improve the angle stability while supporting the ac voltage at the primary level of the control structure. The second power control scheme uses an SPS signal to contribute stability to the power system under severe contingencies involving the other generators. The results for the proposed control scheme were validated using the PSS/E software package with a sub-module written in the Python language, and the simple assistant power control with two communication systems is shown to improve the angle stability. In conclusion, BTB VSCs can contribute their power control strategies to ac grid in addition to offering several existing advantages, which makes them applicable for use in the commensurate protection of large ac grid.
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1. Introduction


Back-to-Back system-based voltage source converters (BTB VSC) have been developed in numerous studies and are increasingly installed in ac grids [1,2]. The system is generally installed to improve the connection point of a renewable energy system, since the converter plays an important role in voltage swings during a contingency while decreasing the magnitude of the fault current in the ac grid. Another advantage of an embedded BTB system is that it increases the ac transmission transfer capacity by supporting the voltage and reduces the angle differences between each side of ac system. In the transient period, the system also contributes to voltage stability by applying ac voltage control strategy while sustaining their transfer power [3]. The ac voltage and the active power control are essential operational tasks in BTB VSCs to guarantee the proper stability of ac grid. However, the BTB VSCs generally sustain their fixed active power even though the ac grid has severe contingencies due to the fact that, unlike a Point-to-Point (PTP) system, frequency control with an embedded BTB system is useless in a large ac grid. Thus, novel transient power control schemes including two communication systems are newly introduced in this paper to expand the advantage of BTB VSCs. The proposed schemes contribute angle stability while also providing reactive power for voltage stability.



The BTB VSCs can further contribute transient stability using their advantage of flexible control. In fact, in the previous study, two kinds of transient power control methods were identified in the CIGRE (International Council on Large Electric Systems) conference, and one of them involves the use of WAMS (Wide Area Measurement Systems) by measuring the voltage and current from a GPS (Global Positioning System) system to prevent damping oscillation or an overload line problem [4]. The second method allows the power to increase its desired set point or to be automatically reduced as parallel ac transmission in the post-disturbance period. In detail, the active power reference of the BTB VSC is modified by the same amount as the parallel ac transmission line after the fault to resolve an overload situation. However, the first method has a major problem: the installation cost of entire grid monitoring system is too high. The second method lacks improvements in the transient response, and this type of control may not be practical given that the absence of the parallel ac transmission line restricts the use of power control. Furthermore, the overload problem is not eliminated at all positions according to the BTB system installation point.



The previous studies related to transient power control with BTB VSC has not been specifically illustrated, since the conservative operation with power control is general [3]. In the future, however, as the volatility of renewable energy sources increases, these Flexible AC transmission system (FACTS) will be required to be more flexible. To maximize the strengths of the BTB VSC, different form of control strategy is needed. Note that the ac voltage control is an ideal way to prevent the voltage instability in the embedded BTB VSC system, only power control is discussed in this paper. The first power control method using bus angle information acts like a frequency control in PTP HVDC, and it contributes the angle stability of several generators. It also finds a new convergence point immediately after a contingency such as ac transmission lines. The second power control strategy using a special protection system (SPS) signal could cause the tripped generator be reduced during the transient period, and it makes grid operation more flexible. The most important contribution of the proposed methods is that it can alleviate the first damping of the generators’ angle and prevent the rest from a potential loss of synchronism. To perform the analysis, in Section 2, the basic model of the VSCs is derived. In Section 3, two transient power control models are configured. Lastly, the angle stability evaluation using the proposed power control schemes with BTB VSCs is represented in Section 4. The angle spread analysis regarding first damping in PSS/E software is used to demonstrate the effectiveness of the proposed model.




2. VSC Model Configuration


2.1. VSC Configuration


Based on the Insulated Gate Bipolar Transistor (IGBT) and Pulse-Wide Modulation (PWM) skill, the VSC is capable of yielding a high active and reactive power input to the grid independently in a low grid voltage situation. Nowadays, Modular Multilevel Converter (MMC), using cascaded connection logic, is more attractive for application in the grid because of its unique features, e.g., the good sinusoidal waveform of its output voltage and low switching loss. Manufacturers have developed new generation of VSC based on MMC, and is has fast response speed, especially during the transient phase after disturbances such as voltage swing. In this paper, the MMC based BTB VSC system will be discussed.



In the BTB VSC system, the two converter stations are located at the same site, and the two ac systems are interconnected with either the same or a different frequency. The control of both active and reactive power is bi-directional and across the entire capability range. Within the capability curve, the VSC located in a weak ac system can support frequency and voltage drops and responses to several disturbances with fast dynamic control. To apply the bi-directional control of the converter, the ac current and voltage have to be transformed into a rotating direct-quadrature (d-q) frame. The rotating reference frame is aligned to the voltage phasor of the point of common coupling (PCC). Since the q-axis term of the voltage approaches zero, the converter enables the decoupled control of active and reactive power [5].



As we can be observed in Figure 1, the PCC voltage (   e c  )   and converter voltage (   v c  )   can be expressed with the resistance and inductance.


    e c  −  v c  =  R T   i c  +  L T    d  i c    d t   ,   



(1)







Using the d-q transform equation, (1) can be rewritten as:


    e d  −  v d  =  R T   i d  +  L T    d  i d    d t   − ω L  i q  ,   



(2)






      e q  −  v d  =  R T   i q  +  L T    d  i q    d t   − ω L  i d  ,     



(3)




in which  ω  is the angular frequency of the ac voltage at PCC and the well-known power equations in d-q reference frame with    v q  = 0   are expressed as


     P = 3 / 2  (   v d   i d   )  .     



(4)






     Q = − 3 / 2  (   v d   i q   )  .     



(5)







The (4) and (5) are used in the outer controller, and the active/reactive power is controlled by the decoupled d and q axis current. The above simple equations are one of the main reasons for using the d-q current control as the fastest inner control.




2.2. Inner Current Controller of VSC


The inner current controller which a faster response than the outer controllers includes Proportional Integral (PI) controllers and makes the voltage reference. The PI controllers are used to reduce the error in the d and q axis current control with ac grid parameters. A feedforward current is used to reduce the cross-coupling effect, and feedforward voltage (   v  s d q   )   is applied to compensate for the grid voltage disturbance as shown in Figure 2. Note that the system parameters depending on the feedback gain and time constant can cause problems in the inner fast control loops in a weak grid, the appropriate PI gains selection is needed. In this paper, however, selecting the optimal PI parameters is not a goal. The impact of the proposed model included in the upper hierarchical control structure is the only concern in this paper.



Figure 2 indicates that the control plants in both the d and q axis current control loops are identical. The PI controller allows one to track the dc reference command [6]. The closed-loop transfer function that includes the ac system dynamic as    L T    and    R T    is represented as


   ℓ  ( s )  =  (     k p    L s    )    s +  k i  /  k p    s + R / L   ,     



(6)




in which the  R  and  L  are the total resistance and inductance between the PCC and the converter, respectively. Due to the system pole at   s = − R / L  , the magnitude and phase of the loop gain start to drop from a low frequency. The system pole is cancelled by the compensate zero, that is s =   −  k i  /  k p   . The transfer function is rewritten by


    G i   ( s )  =    I d   ( s )     I  d r e f    ( s )    =  1   τ i  s + 1   ·  (   k P  =  L   τ i    ,    k i  =  R   τ i     )    



(7)




in which  τ  is the time constant that impacts the system response and the bandwidth of the closed loop system. Depending on the system requirements, about 0.5–5 ms is taken as an appropriate range, and the parameters of PLL and PI controller have to be decided based on grid equivalent impedance in small signal stability domain.




2.3. Outer Current Controller of VSC


Unlike the inner control loops of a fast, first-order system, outer controller makes d-q current references achieve upper control object and ensures satisfactory response [7]. The d-axis current can control the active power and dc voltage; on the other hand, the q-axis manipulates the reactive power and ac voltage through inner current loops. In the power control, the q-axis current and d-axis voltage are considered as disturbances of the d-axis current control. The specific outer controller description with the proposed models are illustrated in the next Section.





3. Novel Two Power Control Models with Communication System


3.1. The First Power Control Model of BTB VSC


The process to obtain a first power control model with the bus monitoring system is explained in this section. The goal is to make BTB VSC act like an ac transmission when contingencies occur. It contributes to the improvement of transient stability, since it reacts like other ac transmission lines that find a new convergence point after a contingency. Therefore, the ac transmission characteristics have to be involved in the BTB VSC. In the ac grid, the transfer power is determined by each side of the angle difference that provides a clue to infer the condition of the ac system. The BTB VSCs equipped with each side of bus angle information can react differently depending on the ac grid condition. To apply the angle difference variation to an active power controller, below assumption is needed [8]:


     Δ P = Δ    V S  ·  V R     X L    s i n δ ≅ Δ s i n δ .     



(8)







The power transfer equation is illustrated as the sending end voltage    V S   , receiving end voltage    V R    and line impedance    X L    between two buses, in which  δ  is the angle difference between the sending and receiving ends. With the ac voltage control, the converter constantly controls the ac voltage as 1.0 pu, and the voltage variation is assumed to be zero. The impedance that determines the amount of power is a constant value between ac grid and BTB VSC system. Finally, in the VSC, the power variation occurs when the angle difference between connected two buses is detected.



In the first power control method, the angle information of each side of ac buses are transferred through a first order lag filter, and the information used in the assistant power controller to emulate the ac transmission power flow characteristics as shown in Figure 3. The filter is required for the measured signal to remove the initial overshoots, as well as any higher angle oscillations. The power reference changes when an angle variation is detected, and the reference is obtained as


    P  t o t a l  *   ( t )  =  P  i n i t i a l   +  P  r e s   ( t −  T 1  ) × s i n  (  Δ  θ y   ( t )  − Δ  θ x   ( t )   )  .     



(9)




in which    T 1    is a delay constant from the control lag, output limiter, and communication system. The    P  i n i t i a l     is initial dc power for the user-selected purpose in the steady-state condition. The    P  i n i t i a l     can be set for various reasons by grid operators, including the maximum power-voltage margin, improved power transmission capability, minimum power transfer cost, etc. Note that the sin function has a range of −1 to 1, the assistant power reference is always smaller than remaining active power of the converter as    P  r e s    . Thus, the    P  r e s     determines the range of the angle stability improvement.



There are two purposes for a set    P  r e s     value. First, the contingencies nearby the BTB VSC result in a high angle variation. This means that the assistant power reference could have large fluctuations in a small power system [9]. This easily impacts the system stability in which grid inertia is low. Second, the unlimited power reference could impact the system margin, leading to an unstable eigenvalue mode of active power controller. Therefore, setting the    P  r e s     is reasonable.



In detail, for example, when the fault occurs right next to the    θ x    side of the BTB, the arbitrary bus angle at the    θ x    side is immediately increased, since nearby generators increase their rotor speed to supply active power. What we want to see is the first damping of the bus angle in a sequence of a contingency. From Figure 3, the angle variation of the    θ x    side more sensitively increases rather than the opposite side of    θ y   . From (9), the bus angle makes    (  Δ  θ y   ( t )  − Δ  θ x   ( t )   )    terms negative in transient time, and the    P  r e s     becomes negative as well. The total power output (   P  i n i t i a l   +  P  r e s    ) is decreased to deliver more power to the    θ x    side. On the other hand, when the fault occurs right next to the    θ y    side of the BTB, bus angle at the    θ y    side is more increased than the other side in transient time. It makes    (  Δ  θ y   ( t )  − Δ  θ x   ( t )   )    terms positive, and the total output power going to    θ y    side is increased. In conclusion, the bus angle information reflects the ac grid condition directly after the contingency, and more power flows from the converter to the ac grid with the first power control strategy can reduce the required decelerating energy.



The operation point of the active power is consistently changed due to varying angle differences such as ac transmission line; therefore, the grid operators should accurately determine the reserve active power as    P  r e s    . The reason for using reserve power    (   P  r e s    )    and not using initial power (   P  i n i t i a l   )   for the proposed power control is that it can easily make the reverse direction power flow from the angle measuring system. This involves a high variation in power change, and it can worsen the ac grid condition in some cases. Also, another object of the first method is to use the remaining converter capacity to increase the converter utilization. Thus, the first power control method contribution to the stability of the ac grid is naturally constrained by a limiter.



The specific determination process of reserve active power is illustrated hereafter. The    P  r e s     is calculated by the converter rating (S), required reactive power (   Q  m a x   )   from a severe contingency, and the initial active power (   P  i n i t i a l   )  .


   −    S 2  −  Q  m a x  2  −  P  i n i t i a l  2    ≤  P  r e s   ≤    S 2  −  Q  m a x  2  −  P  i n i t i a l  2    .   



(10)







Since the ac voltage control of the embedded BTB VSC has the highest priority in the transient time, sufficient reserve capacity of the reactive power such as    Q  m a x     is required. However, the reactive power injecting or absorbing the ac grid can be limited by key parameters such as the ac grid voltage, converter voltage, and ac grid equivalent impedance. The maximum reactive power the converter can absorb or inject to the ac grid is limited by the two well-known equations below [10]. The reactive power is constrained by the (11) as the “critical frontier” is the relation between the transmitted active power and reactive power. Beyond the critical frontier area, the ac grid voltage becomes unstable and collapses.


    q  v s c   =    e 2    4  x T    −    x T     e 2     p c 2  .   



(11)




in which



   q  v s c     is the VSC reactive power;



 e  is the ac grid voltage;



   x T    is the reactance between the VSC and the ac grid



Other equations such as (12) represent the capability of the VSC to inject the reactive power into the ac system. (12) formed circular is moved by the ac grid voltage and equivalent impedance.


    p  a c  2  =    (   q  a c   −    e 2     x T     )   2  =    (    e  v c     x T     )   2  .   



(12)




in which



   p  a c   ,    q  a c     is the apparent power at the ac system node;



   v c    is the converter side voltage;



The allowable reactive power range is firstly calculated to determine the range of    P  r e s    . If the reactive power is not limited by the ac grid condition, the    Q  m a x     is chosen based on the required amount when the three-phase fault occurs near the BTB VSC system. If the reactive power consumption to maintain the voltage of the weak ac grid is large, the converter following the tendency of the ac transmission characteristic is naturally limited. The detailed determination process is illustrated below in Figure 4.




3.2. The Second Power Control Model of BTB VSC


Each country, whether it has a different Special Protection System (SPS), as the generators tripping schemes are generally called, commonly commands specific generators to be tripped to balance the grid power. This process is generally adopted by grid operators, and to prevent the fault spread, the SPS signal that commands each generator to be tripped is activated. Under an N-2 contingency, as the level of fault increases, more generator rejection has to be applied to sustain the grid stability. The common protocol of SPS is performed according to time domain simulation with major contingencies, and the stability margin is determined by the index of acceleration and the decelerating energy [11,12].



With the second power control strategy, the flexible operation of the generator tripping scheme can be achieved without significant decelerating energy as the generators trip. The BTB VSCs surely contributes to the stability of the ac grid using a simple converter control strategy that transfers the maximum power reserve instantly to the fault area. Note that the more VSCs equipped with a proposed power control scheme the flexible tripping schemes on the generators will be possible for grid operators.



Figure 5 represents the diagram of the second power control scheme. If the SPS signal is activated, the power reference with the second power control scheme is represented by


    P  t o t a l  *   ( t )  =  P  i n i t i a l   +     [   P  r e s   ( t −  T 1   )  × s i n  (  Δ  θ y   ( t )  − Δ  θ x   ( t )   )  × S 1 ]  ︸   T h e   f i r s t   p o w e r   c o n t r o l   +     [   P  r e s   ( t −  T 2   )  × F × S 2 ]  ︸   T h e   s e c o n d   p o w e r   c o n t r o l   ,   



(13)






   {      F ∈  {  − 1 ,   1  }        S 1   a n d   S 2 ∈  {  0 ,   1  }         








in which    T 2    is the delay time when the BTB VSC receives the SPS signal, and it is set by 5 cycles after the fault in this paper. The activating time is naturally faster than the generator tripping scheme as with 9 cycles, since mechanical switch is not included. The F coordinated by the grid operators only impacts the direction of the active power reserve based on the fault position, and the S1 and S2 are the switch to separate the first power control and the second power control method. The initial value of S2 is zero for the first method.



To verify the effectiveness of the second power control method, the Equal Area Criterion (EEAC) concept is introduced. From the well-established EEAC [11,12], the accelerating area is defined as    A 1   , and the decelerating area as    A 2   . To configure the stable system, the size between    A 1    and    A 2    has to be equal. The main cause of this improvement is that the proposed strategy can increase the height of the    A 2    area during contingency. Figure 6 represents the power-angle curve and the decelerating area with and without the second power control strategy.



From [11,12], the rotor angle (  δ )   increases by increasing the mechanical output    (   P m   )    or by reducing the electrical output    (   P e   )    as in (14):


     d δ   d t   ∝ ±   ∫  P m  −  P e  d δ   ,   



(14)






     d  δ 2    d  t 2    =  P m  −  P e  =  P m  −   E V s i n  ( δ )     X T  +  X e    .   



(15)




in which E is an internal voltage of the generator, and    X T    and    X e    are the reactance of an equivalent transformer reactance and reactance of the transmission lines, respectively. The relation between    A 1    and    A 2    with a generation tripping scheme can be represented by (16), and the common protocols of calculating the    A 2    area with the second power control scheme can be written as


    A 2  =  A 1  ×    P m ′     P m    ,   



(16)






    A 2  =   ∫    δ 2     δ 3      E V s i n  ( δ )     x T  +  x e    −  P m ′  d δ ,   



(17)






     A 2 ′  =   ∫    δ 2     δ 3 ′      E V s i n  ( δ )     x T  +  x e    −  P m ′  d δ +      ∫   t −  T 2   t   P  r e s     d t  ︸     T h e   s e c o n d   p o w e r   c o n t r o l   m e h t o d    



(18)




in which   t −  T 2    is the start time when the second power controller impacts the VSCs. If the BTB VSCs receive the SPS signal where a severe contingency occurs in the ac system, the corresponding    P  r e s    , which is the maximum reserve power, is used. With the proposed scheme, the loss of mechanical output generated by the tripping scheme is naturally smaller than (17). (18) verifies that the first damping angle of the equivalent generators could be reduced further than the non-applied proposed operation scheme. The main one prevents the rest from a potential loss of synchronisms where the proposed scheme is applied. Eventually, the second control strategy can reduce the number of generator units ordered by SPS.





4. Simulation Study with Proposed Power Control Models


To demonstrate the effect of the proposed models, two BTB VSCs are employed to evaluate the performance of the power control structure and its impact on the behaviour of the proposed scheme under several contingencies. A simulation was carried out on the Korea power system, for which a diagram and candidate places for BTB VSCs are presented in Figure 7. Two places as ‘Sinkimpo-Sinpaju’ and ‘SeoSeoul-Sinsungnam’ have several instability network problems, including a high fault current, high angle difference, voltage instability, and overload. In order to overcome the mentioned shortcomings, KEPCO (Korea Electric Power Corporation) is considering BTB VSC systems. The detailed system specification is represented in Table 1.



The result is performed against the PSS/E (Power Transmission System Planning Software) with a sub-module written in the Python language. The limiter and assistant power controller that have a constant time delay from communication system were also setup on sub-module program. The initial dc power is selected to secure the maximum power-voltage margin in the ac grid, and the contingency scenarios are shown in Figure 8.



The simulation setup of the BTB VSCs is at two different places, one for the N-1 contingency at the upper place using the first power control method, and one in both places to apply the N-2 contingency with the second power control strategy. In the N-2 contingency scenario, the SPS signal is transmitted to both generators and BTB VSCs. To verify the difference between the value of the    P  r e s   ,   which is included in different limiters as “limiter-1” and “limiter-2”; the devices were stepped with the purpose of observing the contribution to the ac grid, as shown in Figure 9.



The limiter-1 has a small reserve capacity due to a large    P  i n i t i a l     or    Q  m a x     value. On the other hand, the limiter-2 allows a large reserve capacity with a small    P  i n i t i a l     or    Q  m a x     value. With the limiter-2, the BTB VSC transfers substantial active power to the fault area based on the angle difference. The reactive restrictions of the two BTB points were all guaranteed through (11) and (12).



4.1. N-1 Contingency with the First Power Control Method of BTB VSC


(1) Scenario 1—A loss of 345 kV mono-pole scenario near the Sinsungnam (4500) bus is applied to simulate the N-1 contingency, as shown in Figure 10a and Figure 11a. A rise in the angel variation in the fault area implies a higher command of the active power in the BTB VSC. Therefore, the first damping is mitigated at   t = 2.2 s  , as shown in Figure 10a. This is because the converter reduces its power to supply more active power into the fault area that is at the    θ x    side, as shown in Figure 11a.



(2) Scenario 2—Contrary to the first scenario, a loss of a 345kV mono-pole near the SeoSeoul (3100) bus is discussed in Figure 10b and Figure 11b. The fixed power control, illustrated in Figure 10b, has a potentially unstable condition at   t = 1.9 s   due to the first damping. The stabilization of this situation requires several types of SPS to balance the power. For a VSC under the first control scheme, the first angle damping can be mitigated, leading to a stable system. Again, given the different limiter, the bold line as limiter-2 has a large capacity for active power compared to limiter-1. The value of    P  r e s     increased, and the contribution to the angle stability increased. The findings from Figure 10 and Figure 11 indicate that a trade-off must be made between improvements in the angle stability and the economics related to the convert sizing. Also, the power control in BTB VSC is demonstrated to contribute to the ac grid, besides having other advantages.



In addition to the above cases and for the sake of clarity, the result of three more contingencies using the first power control model is illustrated in Table 2. Note that each contingency made a different angle variation, the effects of the applied proposed scheme are all different.




4.2. N-2 Contingency with the First Power Control Method of BTB VSC


In Korean power systems, to satisfy the grid reliability, the SPS was triggered by the generator tripping scheme. To verify the second power control with the SPS signal, a simulation with a loss of a 765 kV double-pole is applied in this section. During the contingency, the three generators that are represented by Table 3 must be tripped to maintain the power balance.



Unlike the present situation in Korean grid operation systems, the two BTB VSCs also receive the signal of the SPS with other generators only in this scenario. The second power control model sets their maximum power in the BTB VSC according to (13). Figure 12 represents the active power of two BTB VSCs according to two different limiters. The fixed power control with BTB VSCs makes the power system unstable with a two-generator tripping scheme, as in Figure 13. However, from the angle stability analysis with a time domain simulation, this result demonstrates that using the second power control scheme with BTB VSCs could reduce the tripped generator from three to two as shown in Table 4, and the stability margin is adequately acquired. Through this simulation, it was demonstrated that the BTB VSCs with SPS signal can be applied to a commensurate protection system in a large interconnected system.





5. Discussion


In the complex ac grid, the grid operators find it hard to predict when the contingencies will occur. Furthermore, changing the control mode depending on each fault scenario is annoying. To resolve such problems, BTB VSCs with two power control strategies are proposed in this paper, and their capability for angle stability was sufficiently demonstrated in an unpredicted contingency. The proposed control schemes are also able to act like a form of SPS, and depending on the contingency scenario, the effectiveness of the proposed models can be more escalated.




6. Conclusions


The BTB VSC is commonly installed to increase the voltage stability of a weak ac grid or the interconnection points of renewable systems. Also, it plays an apparent role in reducing the fault current magnitude and increasing the transfer capability in the ac transmission. In this paper, however, to maximize the advantages of embedded BTB VSCs, new power control strategies are proposed to improve the angle stability. The novel power control models are demonstrated to easily contribute angle stability in the ac grid with a simple assistant controller while reducing the number of tripped generator units.
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Figure 1. Voltage Source Converter single diagram. 
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Figure 2. Inner current control loop. 






Figure 2. Inner current control loop.



[image: Applsci 08 01350 g002]







[image: Applsci 08 01350 g003 550] 





Figure 3. The first power control model structure of BTB. 
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Figure 4. (a) Capability curve of BTB VSC and (b) determination process of    P  r e s     value. 
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Figure 5. The second power control model of BTB VSC. 
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Figure 6. Equal Area Criterion with the second power control strategy. 
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Figure 7. Simulation environment in Korea power system. 
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Figure 8. Contingency scenarios. 
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Figure 9. The limiter configuration in simulation study. 
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Figure 10. Angle spread of ac grid, (a) left side fault (   θ y  )  , and (b) right side fault (   θ x  )  . 






Figure 10. Angle spread of ac grid, (a) left side fault (   θ y  )  , and (b) right side fault (   θ x  )  .



[image: Applsci 08 01350 g010]







[image: Applsci 08 01350 g011 550] 





Figure 11. Active power of BTB VSCs, (a) left side fault (   θ y  )  , and (b) right side fault (   θ x  )  . 
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Figure 12. Active power of BTB VSCs with different    P  r e s    . 
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Figure 13. Angle spread result in an N-2 Contingency. 
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Table 1. System parameter of BTB VSC.
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Item

	
BTB-1

	
BTB-2






	
Installation point

	
3300–1300

	
3100–4500




	
Rated converter

	
1500 MVA

	
1000 MVA




	
Equivalent impedance at BTB point

	
6.638 + 11.713j  Ω 

	
1.216 + j5.531   Ω  




	
AC Terminal voltage

	
354 kV




	
DC link voltage

	
400 kV




	
System frequency

	
60 Hz




	
Active power controller gain

	
0.8 rad/s

	
0.5 rad/s




	
Active power controller time constant

	
0.02 rad/s

	
0.01 rad/s




	
Inner current controller gain

	
1.2 rad/s

	
0.8 rad/s




	
Inner current controller time constant

	
0.1 rad/s

	
0.2 rad/s
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Table 2. The effect of the first power control scheme in other contingencies.
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	Contingency Num
	Fault Location
	Improvement Range of First Angle Damping





	1
	1550–1400
	6°



	2
	1350–1301
	2.6°



	3
	1400–1800
	4.5°
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Table 3. The generators’ status-receiving SPS signal.
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	Gen Num
	Gen Name
	Gen Capacity





	25156
	Hanul #6
	1 GW



	25157
	Hanul #7
	1.5 GW



	25158
	Hanul #8
	1.5 GW
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Table 4. Reduced tripped generator with the second power control scheme in N-2 contingency.






Table 4. Reduced tripped generator with the second power control scheme in N-2 contingency.










	
	Without the Second Power Control
	With the Second Power Control





	Tripped Generators
	25156; 25157; 25158
	25156; 25157











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Sinkimpo Sinpaju
(3300) (3300)
- Singaoyoung

1200)

Generator units
(25156™8)

3

Gangnoung
040y
» SPS scheme
with BTBVSCs
fogomul 5182 Sinsungnam
(3100) o0
3a5kv — 7eskv

P> BackTosackBysc A Generators with tripping scheme

O  Angle measuringbus Initial power flow Direction of BTB





media/file4.png
idref —

d — axis compensator

Kps + Kl
5

—

ac side dynamics

1

decoupling feed forward

lgref —

> owL | ——

—»

]

g—axis compensator

Ls+R

\J






media/file18.png
Converter rated capacity(MVA)
)

limiter — 1

{ [ \l '

Maximum F (interface flow) — V (voltage) Point required reactive power from contingency limiter — 2





media/file21.jpg
bl

2EESERLL






media/file26.png
Angle Spread(degree)

200

180

160

140

120

100

80

60

L [ I I I

/ === fixed power =--- limiter — 1 = limiter — 2
3 AN :
v
’
n VR
Unstable with Fixed power control
K (25156,25157 units tripped)
e /
| | l | | | |
1 2 3 4 5 6 7 8





media/file3.jpg
faref

laref






media/file22.png
Power(MW)

T T

- s 4 S S T
i T e

limiter — 2

100 1 | | |
0 1 2 3 4 5 6 7

Time(s)

(a)

800

T [ T T

| === fixed power i limiter — 1 === limiter — 2

¥ limiter — 1

e P S

1 1 1 | i 1

4
Time(s)

(b)





media/file19.jpg
[E———





media/file7.jpg
Three phase fault

eSS ey seetedpapose
|
Qe vatic
rermine
i
Pre vl
termine

4
acmaimas, Forac g svperc

’ om0 25 ol [

(a)






media/file10.png
The first power control method

Bus angle Lag filter assistant power
.‘P"'vt ;f 1
_U o7 —> P, X sm(Gy —0,)

PCC

ACBUS ‘
63’

P res

SPS Signal

Maximum power

|

12:00  13:00 14:00

P?‘QS

10000 11:

vsc
(Rectifier)

PCC

L

P initial

LY+

PI

Outer controller «—

0—> dg

X

iabc 01

Inner
» Current

Loop

AC BUS
ﬁH
O,

abc

11

VachL’ PLL

4’6





media/file14.png
Sinkimpo Sinpaju
(3300) (3300)

Singaoyoung
(1200)

Generator units
(25156~8)

Gangneung
(5040)
SPS scheme
with BTBVSCs
Se;v i?ggul BT8-2 Sinsungnam !
( ) (4500)
== 345kV w— 765kV

E’ Back-To-Back B VSC ~3$'» Generators with tripping scheme

(O Anglemeasuringbus «——— Initial power flow Direction of BTB






media/file11.jpg
t(s)

Power ~ Angle equation_——

(Pre fault)

y

Spectal Protection System of

Generators

5
faute

5
fault ctear

82

= With BTB HVDC

S5
8

\—> Without BTB HVDC





media/file6.png
(2a.4Bap) a)fup sng

(aa4Bap) a)fup sng

g, side
Fault

H}. side
Fault

Y

B

Vsc
(Rectifier)

VN
— 0,

first order

Lag filter

assistant power reference

—»  P,.s X sin(A6, — A6,)

—8x -8y - JR————
N~ 1
B —
| - 1+ sT
contingency . busangle
.......... ) In transient time
6, side fault 6, > 0,
q
""" 6, side fault 6, > 6,






media/file15.jpg
oottt ine |

Foutclerand
Singeinerip

P—

N Zeontngency

3ph et at e

Fautcearant
ousieie iy

555 it Gnand






nav.xhtml


  applsci-08-01350


  
    		
      applsci-08-01350
    


  




  





media/file16.png
0.0s

1.0s

1.1s

N — 1 contingency
Start simulation

-
3ph fault at line

Fault clear and
single line trip

8.0s

End simuatlion

0.0s

1.0s

N — 2 contingency
Start simulation

L
3ph fault at line

1.0833s

Fault clear and
double line trip

1.55

SPS with Gen and
BTE VSC

8.0s

End simuatlion






media/file2.png





media/file20.png
Angle Spread(degree)

=

00

95

| === fixed power oo limiter — 1 == limiter — 2

compensate the first daming

Time(s)

(a)

Angle Spread(degree)

<o}
N

(o]
o
T

o
(o 4]
T

@
D

Lo o]
B

-

T T T T

| === fixed power o limiter — 1 === limiter — 2

potentail unstable sign

’-'.A\._ -
"\ \/ "'"""u—-., R o
- -

compensate the first daming

| A A I

3 4 5 6 7 8
Time(s)

(b)





media/file23.jpg
Power(MW)

1200

1000

800

600

400

200

Time(s)






media/file5.jpg
iy

re -
acaus 1] s
o N f—~—

s angle o DO
i 1l P xsingan, a0

e |
ecsieatr | 0,50, P
o et | a0,






media/file24.png
Power(MW)

1200

1000

800

600

400

200

T 1 | [

- limiter — 1 —— limiter — 2






media/file1.jpg
=

RL

c





media/file25.jpg
200 P

2
8

Unstable with Fixed power control
(25156,25157 units tripped)

3
3

Angle Spread(degree)
3 B =
8 8 &

=
8

3
3
o
N
w
>
~
©

4
Time(s)





media/file12.png
Power — Angle equation
(Pre — fault) __ Special Protection System of
S Generators

“a

e
r,,a

A2

)

81 62 6’3 83

L
fault fault clear

o)

—» Without BTB HVDC

» With BTB HVDC






media/file9.jpg
Ganier

The second pover controlmetied
s srssignat | [ wesimampover

g T e






media/file0.png





media/file8.png
— 2 2
Pres = S(MVA) - inm'tiat + Qmax
7 e —‘l\"\
! _/'/ '\-\
I ' e
! \'\ ac gird limit
7 .
/o (’_ I
Pinitiar J I
for user purpose ‘L |
| | R
. i ) » |
i N .
: | N i Q
/ \ Qmax
ac gird limit \ for ac votlage support
\,
N\ ,'/
S a
~ -
‘ ~_ o

VSC
internal voltage limit range

(a)

Three phase fault
nearby BTBVSC

}

Qmax value
determine

}

Constraint
condition check

User selected purpose

Pinitia1 value
determine

yes
Bes=0 +—

§< innitialz + Qmaxz

lno

2 2
Pes =5 — innitial + Qe

(b)





media/file17.jpg
I MR,

1
Maxiwam P{inerface fiow) —Vivoltage) Pelne Tequired reactive power. from contingency tmiter -2





