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Abstract

:

The amplitude and phase angle of the fault current in photovoltaic power plants (PVPPs) are significantly influenced by the control system of the grid-connected inverters, unlike in a conventional synchronous source. Hence, PVPPs may adversely affect the performance of the current differential protection designed for synchronous sources-based power grids. In order to study the performance problem of current differential protection on AC transmission lines, an analytical expression of the fault current in the PVPPs was deduced, and the fault current characteristic was extensively analyzed. Based on this analysis, the ratio of differential current over restraint current was initially derived in this study; this ratio is observed to be affected by the control system parameters, power grid system parameters, fault resistance, and fault types. Moreover, the dynamic characteristics of this ratio can be clearly observed based on a three-dimensional diagram. Furthermore, the operating performance of the current differential protection was analyzed under different influencing factors. The mathematical analysis presents that the amplitude ratio of the fault current on both sides of the line is larger than nine and that current differential protection will operate reliably in any case. Meanwhile, the theoretical analysis and simulation results show that the current phase angle difference may become an obtuse angle in case of an ungrounded fault, which will cause inaccurate operation of the current differential protection. The results of this study will provide guidance for the engineering application of current differential protection in case the PVPPs are connected to a power grid.
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1. Introduction


Photovoltaic (PV) power generators are extensively employed in the existing power networks as an effective solution to manage the increasing fossil fuel crisis and environmental pollution [1,2,3,4]. However, unlike conventional synchronous sources, the fault current amplitude and phase angle for the photovoltaic power plants (PVPPs) are significantly influenced by the control system of the grid-connected inverters, fault resistance, and fault types [5,6,7,8]. Therefore, this may cause the malfunctioning of the traditional relay protection of the lines emanating from the PVPPs [9,10,11]. With the maturity of the inverter integration technology and the commissioning of large-scale PVPPs, investigation of the impact of PVPPs on traditional relay protection exhibits considerable significance with respect to power grids.



Recently, numerous studies have investigated the influence of renewable energy power plants on conventional relay protection schemes. The fault currents within the PVPP based on a short-circuit test are analyzed in reference [12]. Moreover, the operation performance of the existing protection scheme was evaluated. Considering the specific fault characteristics of the PVPPs, the impact of the PVPPs on the fault component distance protection of transmission lines was mathematically analyzed in reference [13]. The simulation results showed that the line protection may operate incorrectly in case of internal faults. By comparing field test results with theoretical analysis, the operation performance of existing overcurrent relay (OCR) was evaluated in reference [14]. They discovered that the OCRs at the PV side on overhead lines may fail to operate. Hence, a new relay scheme based on directional distance elements was proposed. Furthermore, some studies have briefly analyzed the impact of PVPPs on the conventional relay protection of the AC transmission lines [15,16]. Some previous studies [17,18,19] reveal that the conventional distance protection exhibits a high risk of malfunction or inoperability with respect to the interconnection of the inverter-interfaced renewable energy generators (IIREGs). Moreover, with the rapid development of the wind farms, large-scale wind farms are extensively employed in the power grid system, and the influence of wind farms on conventional distance relay was investigated in reference [20]. Although numerous studies have studied the influence of IIREGs on conventional distance protection [12,13,14,15,16,17,18,19,20], the effect of current differential protection has not been discussed in these studies.



Current differential protection is usually considered to constitute the primary protection for high-voltage transmission lines and is more sensitive and faster than distance protection [21,22,23]. Currently, only some studies have investigated the impact of the renewable energy power plants (REPPs) on current differential protection. The fault-current expression of the permanent magnet synchronous generators was deduced in a previously conducted study [24]. The study showed that current differential protection may not operate appropriately because the fault-current phase angles of the wind farm significantly deviate from those of the conventional synchronous source. However, the mathematical expression of the ratio of differential current over restraint current could not be derived and its dynamic characteristics could not be analyzed. In reference [25], a new differential protection method was presented for the tapped transmission line connected with a unified power flow controller (UPFC) and wind farms; however, the effect of UPFC and wind farms on the operating performance of current differential protection was not theoretically analyzed. A mathematical equivalent model of the inverter-interfaced generators (IIGs) was established in reference [26]; based on this analysis, a new virtual multi-terminal current differential protection method was presented. The simulation and test results denoted that the presented protection will perform well under various fault conditions. The performance analysis of the traditional current differential protection is considerably influenced by the interconnection of the inverter-interfaced generators (IIGs), and a novel current differential protection based on sequence component was presented in a previously conducted study [27]. However, the literature [26,27] does not theoretically analyze the impact of various influencing factors on the current differential protection. A new protection method will operate reliably in case of a high-resistance fault or weak infeed of the distribution generators (DGs) [28]. However, the previously conducted studies simply describe the fault current characteristics of DGs and do not obtain the theoretical derivation of the effects of DGs on current differential protection. This protection method is only applicable to DGs. Therefore, some studies analyzed current differential protection [24,25,26,27,28]; however, PVPPs differ from wind farms and DGs in terms of their operation mode and control strategy. In addition, the influence of the control system parameters, power grid system parameters, fault resistance, and fault types on the current differential protection have not been studied in the literature, and this issue will be discussed in detail herein. Hence, studying the performance problem of current differential protection on the high-voltage transmission lines is crucial.



Some studies have briefly analyzed the fault characteristics of PVPPs and focused on the impact of PVPPs on distance protection [12,13,14,15,16]. However, current differential protection differs from distance protection from the viewpoints of working principle and operation criterion. Furthermore, even though previous studies have investigated the influence of REPPs on current differential protection [24,25,26,27,28], they have not discussed the specific fault characteristics of PVPPs or conducted an analysis from a mathematical viewpoint. When compared with previous studies, this study is the first to derive the mathematical expression of the ratio of differential current over restraint current, and its dynamic characteristics are analyzed. Furthermore, this study analyzes the influence of PVPPs on the current differential protection of AC transmission lines based on the mathematical theory and summarizes its influencing factors based on the analytical expressions. Finally, the accuracy of the theoretical analysis was validated using PSCAD.




2. Fault Current Characteristics


2.1. Overview of the PV Power Plants


Current differential protection plays an important role in ensuring the security of the AC transmission line, and this section presents advantages of high reliability and sensitivity [22,23]. To effectively analyze the impact of the PVPPs on the current differential protection of the AC transmission lines, the partial topology of the PVPPs is illustrated in Figure 1. The PVPPs use a two-stage boost structure to connect with the power grid. First, a centralized photovoltaic inverter was used to convert the direct current into alternating current; subsequently, a 220-kV double-winding transformer was transmitted via a 35-kV collector line. Finally, the power output was boosted and transmitted to the power system through a step-up substation. Generally, a PVPP collects many PV units. A single PV unit has a capacity of 1 MWp and includes two 500 kW centralized photovoltaic inverters. The M-side denotes the PVPP side, whereas the N-side denotes the system side.




2.2. Ground Short-Circuit Faults


In this section, the fault current features of the M- and N-sides are analyzed by considering the internal phase-A-to-ground (AG) fault as an example. Similarly, the analytic processes and conclusions for the AG fault can be applied to other asymmetric ground faults.



When the AG fault happen at the high-voltage transmission lines, the three-phase voltage phasors of the M-side in the transmission line can be given by


    U ˙   M x   =   U ˙   M x 1   +   U ˙   M x 2   +   U ˙   M x 0   =  U 1  ∡  (   δ 1  +  δ x   )  +  U 2  ∡  (   δ 2  −  δ x   )  +  U 0  ∡  δ 0  ,  



(1)




where the superscripts “1,” “2,” and “0” represent the positive-, negative-, and zero-sequence components, respectively. U1, U2, and U0 denote the positive-, negative-, and zero-sequence voltage amplitudes, respectively. δ1, δ2, and δ0 denote the positive-, negative-, and zero-sequence voltage initial phases, respectively. x = a, b, and c; δa = 0°; δb = −120°; and δc = 120°.



Owing to the fast response speed of the PV inverter, the current controller can ensure that the reference current quickly tracks the actual output current within 10 ms. Therefore, the dynamics of the PV inverter will not be considered in the following theoretical analysis [7,17]. In case of an asymmetric fault happens at the high-voltage transmission line, the following unified expression of the current references can be obtained under various control targets [13,29]:


   [       i  α 1  *         i  β 1  *         i  α 2  *         i  β 2  *       ]  =  2  3    (   U 1   )   2     [         u  α 1    P *    1 +  k  p q    k u 2    +    u  β 1    Q *    1 −  k  p q    k u 2             u  β 1    P *    1 +  k  p q    k u 2    −    u  α 1    Q *    1 −  k  p q    k u 2             k  p q    u  α 2    P *    1 +  k  p q    k u 2    −    k  p q    u  β 2    Q *    1 −  k  p q    k u 2             k  p q    u  β 2    P *    1 +  k  p q    k u 2    +    k  p q    u  α 2    Q *    1 −  k  p q    k u 2         ]  ,  



(2)




where kpq is target coefficient that represents the control targets under the fault-ride-through period. When kpq = −1, 0, and 1, the control target is to eliminate the active power oscillation, negative-sequence current, and reactive power oscillation, respectively. P* and Q* are the active and reactive power references, respectively, and ku is the grid voltage imbalance coefficient (ku = U2/U1).



Based on the current references determined by Equation (2), In the event of an asymmetric fault, the following positive and negative sequence components in the M-side fault current can be calculated:


       I ˙   M x 1   =  I  M m 1   ∡  φ  x 1   =  I  M m 1   ∡  (   δ 1  + φ +  δ x   )        I ˙   M x 2   =  k  p q    k u   I  M m 1   ∡  φ  x 2   =  k  p q    k u   I  M m 1   ∡  (   δ 2  + φ −  δ x   )     ,  



(3)




where IMm1 is the amplitude of the positive-sequence component in the M-side fault current and φx1 and φx2 are the phase angles of the positive- and negative-sequence component in the M-side fault current, respectively.


      I  M m 1   =  2  3  U 1         (     P *    1 +  k  p q    k u 2     )   2  +    (     Q *    1 −  k  p q    k u 2     )   2        φ =  tan  − 1     −  Q *   (  1 +  k  p q    k u 2   )     P *   (  1 −  k  p q    k u 2   )       ,  



(4)







Figure 2 illustrates the sequence network diagram under the AG fault at f1. Where the ZL1, ZL2 and ZL0 represent the positive-, negative-, and zero-sequence impedance of the line, respectively. The     I ˙   f a 1    ,     I ˙   f a 2     and     I ˙   f a 0     represent the positive-, negative-, and zero-sequence currents injected into the fault location, respectively. The     I ˙   M a 1    ,     I ˙   M a 2     and     I ˙   M a 0     represent the positive-, negative-, and zero-sequence component in the M-side fault current, respectively. The     I ˙   N a 1    ,     I ˙   N a 2     and     I ˙   N a 0     represent the positive-, negative-, and zero-sequence component in the N-side fault current, respectively. The ZT1, ZT2 and ZT0 represent the positive-, negative-, and zero-sequence reactance of the transformer, respectively. The ZN1, ZN2 and ZN0 represent the positive-, negative-, and zero-sequence reactance of power grid, respectively.



Due to the weak feed characteristics of PVPPs and the controllability of grid-connected inverters, the amplitudes of the positive- and negative-sequence component in the M-side fault current are significantly lower when compared with those in the N-side fault current; therefore,


    I ˙   N a 1   ≈   I ˙   f a 1   ,   I ˙   N a 2   ≈   I ˙   f a 2   .  



(5)







In case of the AG fault, the positive-, negative-, and zero-sequence currents injected into the fault location (f1) are equal and can be expressed:


    I ˙   f a 1   =   I ˙   f a 2   =   I ˙   f a 0   ≈     U ˙   f  | 0 |       Z  ∑ 1   +  Z  ∑ 2   +  Z  ∑ 0   + 3  R f    =    U  f  | 0 |    ∡  0 0     |   Z ∑  A G    |  ∡  θ  Z - A G     =    U  f  | 0 |       |   Z ∑  A G    |    ∡ −  θ  Z - A G   ,  



(6)




where     U ˙   f  | 0 |      is the pre-fault voltage at f1, Rf is the fault resistance, and ZΣ1, ZΣ2, and ZΣ0 are the total impedance of the positive-, negative- and zero-sequence network, respectively.    Z ∑  A G     and θZ-AG are the total impedance and impedance angle of the AG fault network, respectively.



As depicted in Figure 2, the zero-sequence current on the M- and N-sides of the transmission line MN can be gained,


       I ˙   M a 0   =    (  1 − α  )   Z  L 0   +  Z  N 0      Z  T 0   +  Z  L 0   +  Z  N 0       I ˙   f a 0   =  C  M 0     I ˙   f a 0         I ˙   N a 0   =   α  Z  L 0   +  Z  T 0      Z  T 0   +  Z  L 0   +  Z  N 0       I ˙   f a 0   =  (  1 −  C  M 0    )    I ˙   f a 0      ,  



(7)




where α is the ratio of the distance from the fault location to the bus M with respect to the length of the transmission line, and its value is 0–1. Therefore, the value of α is dependent on the fault location. The CM0 denotes the zero-sequence current distribution coefficient. Generally, the impedance angles of zero-sequence current in the M- and N-sides are approximately equal, such that CM0 is approximately a real number.



Based on Equations (3), (5)–(7), the following phase-A current on the M- and N-sides can be calculated:


    I ˙   M a   =   I ˙   M a 1   +   I ˙   M a 2   +   I ˙   M a 0   =  I  M m l   ∡  (   δ 1  + φ  )  +  k  p q    k u   I  M m l   ∡  (   δ 2  + φ  )  +  C  M 0      U  f  | 0 |       |   Z ∑  A G    |    ∡ −  θ  Z - A G    



(8)






    I ˙   N a   =   I ˙   N a 1   +   I ˙   N a 2   +   I ˙   N a 0   ≈  (  3 −  C  M 0    )     U  f  | 0 |       |   Z ∑  A G    |    ∡ −  θ  Z - A G   .  



(9)








2.3. Ungrounded Short-Circuit Faults


In this section, the fault current features of the M- and N-sides is analyzed by taking internal phase-B-to-phase-C (BC) fault as an example. Figure 3 illustrates the sequence network diagram under a BC fault at f1.



In case of a phase B-to-phase C fault, the fault current contains positive- and negative-sequence currents. According to Equation (3), the fault currents of phases B and C on the M-side can be calculated as


       I ˙   M b   =   I ˙   M b 1   +   I ˙   M b 2   =  I  M m 1   ∡  (   δ 1  + φ −   120  0   )  +  k  p q    k u   I  M m 1   ∡  (   δ 2  + φ +   120  0   )        I ˙   M c   =   I ˙   M c 1   +   I ˙   M c 2   =  I  M m 1   ∡  (   δ 1  + φ +   120  0   )  +  k  p q    k u   I  M m 1   ∡  (   δ 2  + φ −   120  0   )     .  



(10)







Owing to the fragility of the power electronic devices and the weak infeed characteristic of the PVPPs, the fault currents on the M-side are lower than those in the conventional power grid system. According to Figure 3, the fault current expressions of phases B and C on the N-side can be calculated as


    I ˙   N b   = −   I ˙   N c   ≈   I ˙   f b   = − j    3    U ˙   f  | 0 |       Z  ∑ 1   +  Z  ∑ 2   + 2  R f    =    3   U  f  | 0 |       |   Z ∑  B C    |    ∡ −  (   θ  Z - B C   +   90  0   )  ,  



(11)




where    |   Z ∑  B C    |    and θZ-BC are the total impedance and impedance angle of the BC fault network, respectively.





3. Performance Analysis of Current Differential Protection


Based on the previous discussion of the fault current analysis on M- and N-side of the transmission line, the performance of current differential protection will be studied in detail in Section 3. The protection criterion of current differential protection is defined [20,21] as


      |    I ˙   M x   +   I ˙   N x    |  >  I  set           |    I ˙   M x   +   I ˙   N x    |   ⏟    I  op x     > K     |    I ˙   M x   −   I ˙   N x    |   ⏟    I  res x        ,  



(12)




where Iset is the threshold value of the differential current and Iopx and Iresx are the differential current and restraint current of the x-phase, respectively. K is the restraint coefficient, which is generally 0.8.



3.1. Operating Performance Analysis of Current Differential Protection under Internal Ground Faults


In this section, the performance of current differential protection is studied by taking internal AG fault as an example. By simplifying Equation (8), the mathematical expression of phase-A current on the M-side can be obtained:


    I ˙   M a   =  I  M v s c   ∡  φ  v s c   +  C  M 0    I  f 0 _ A G   ∡ −  θ  Z - A G   ,  



(13)




where


      I  M v s c   =  I  M m 1     1 +  k  p q  2   k u 2  + 2  k  p q    k u  cos  (   δ 1  −  δ 2   )         φ  v s c     = tan   − 1     sin  (   δ 1  + φ  )  +  k  p q    k u  sin  (   δ 2  + φ  )    cos  (   δ 1  + φ  )  +  k  p q    k u  cos  (   δ 2  + φ  )         I  f 0 _ A G   =    U  f  | 0 |       |   Z ∑  A G    |       .  



(14)







Equations (4) and (14) show that the fault currents of M-side are considerably influenced by many factors, including the control system parameters, line impedance, zero-sequence voltage, and grid voltage imbalance coefficient.



From Equations (9), (12), and (13), the ratio of differential current over restraint current (Ka) can be given by


      K a  =    I  o p a      I  r e s a     =    |  1 ∡  φ  v s c   + 3  K   vsc 0    ∡ −  θ  Z - A G    |     |  1 ∡  φ  v s c   +  (  2  C  M 0   − 3  )   K   vsc 0    ∡ −  θ  Z - A G    |         K   vsc 0    =    I  f 0 _ A G      I  M v s c        .  



(15)







Here, when Ka > 0.8, the current differential protection can perform well, whereas the current differential protection will operate inaccurately when Ka < 0.8. At Ka = 0.8, the current differential protection is at the edge of its operation.



According to the above analysis,    I  f 0 _ A G     is much larger than IMvsc, i.e., Kvsc0 >> 1. Generally, when the power grid system is weak, Kvsc0 may be equal to 2. However, when the power grid system is strong, Kvsc0 may be equal to 12. According to (14), φvsc may range between −90° and 90°. Based on the most possible conditions, the following assumptions were applied: (1) the amplitude ratio of the zero-sequence current to the fault current: 2 ≤ Kvsc0 ≤ 12; and (2) the phase angle of fault current: −90° < φvsc < 90°. Meanwhile, Kvsc0 and φvsc are within a reasonable range, which covers most cases.



The ratio of differential current over the restraint current (Ka) under an internal AG fault is depicted in Figure 4, which shows that Ka is influenced by Kvsc0 and φvsc. Upon comparing different values of Kvsc0 and φvsc, we can observe that Ka changes in accordance with the changes in Kvsc0 and φvsc. However, irrespective of the changes in Kvsc0 and φvsc, the ratio of the differential current over restraint current is always greater than 1. Therefore, the current differential protection can operate reliably.



This section considers AG fault as a case to analyze the influence of PVPPs on current differential protection. The analytic processes and conclusions of the current differential protection for AG fault can also be applied to other asymmetric ground faults. Because of space limitations, the analytic process will not be repeated.




3.2. Operating Performance Analysis of Current Differential Protection under Internal Ungrounded Faults


In this section, the performance problem of current differential protection is studied by taking internal BC fault as an example. By simplifying Equation (10), the phasor expression of fault-phase (phase-B, C) current on the M-side can be obtained as


    I ˙   M b   =  I  M b   ∡  φ  M b   ,   I ˙   M c   =  I  M c   ∡  φ  M c   ,  



(16)




where


     I  M b , c   =  I  M m 1     1 +  k  p q  2   k u 2  + 2  k  p q    k u  cos  (   δ 1  −  δ 2  ±   120  0   )         φ  M b , c   =  tan  − 1     sin  (   δ 1  + φ ∓   120  0   )  +  k  p q    k u  sin  (   δ 2  + φ ±   120  0   )    cos  (   δ 1  + φ ∓   120  0   )  +  k  p q    k u  cos  (   δ 2  + φ ±   120  0   )       



(17)







As shown in Equations (4) and (17), the amplitude and phase angle of the fault currents are considerably affected by many factors such as the control system parameters and grid voltage imbalance coefficient.



By substituting Equations (11), (16), and (17) into Equation (12), the ratio of differential current over restraint current (Kb and Kc) can be expressed as follows:


     K b  =    I  o p b      I  r e s b     =    |  1 ∡  φ  M b   +  K  vsc b   ∡ −  (   θ  Z - B C   +   90  0   )   |     |  1 ∡  φ  M b   −  K  vsc b   ∡ −  (   θ  Z - B C   +   90  0   )   |         K c  =    I  o p c      I  r e s c     =    |  1 ∡  φ  M c   +  K  vsc c   ∡  (    90  0  −  θ  Z - B C    )   |     |  1 ∡  φ  M c   −  K  vsc c   ∡  (    90  0  −  θ  Z - B C    )   |       



(18)







Here, when Kb,c > 0.8, the current differential protection can perform well, whereas when Kb,c < 0.8, the current differential protection will operate incorrectly. When Kb,c = 0.8, the current differential protection is at the edge of its operation.



Kvscb and Kvscc are the ratios of phase-B, C fault current amplitude on the N-side to the B, C-phase fault current amplitude on the M-side, respectively. Kvscb and Kvscc can be expressed as follows:


      K  vsc b   =    I  f b    /   I  M b     ,  K  vsc c   =    I  f c    /   I  M c          I  f b   =  I  f c   =    3   U  f  | 0 |       |   Z ∑  B C    |       .  



(19)







According to Equation (18), when the current phase angle difference on both sides of the transmission line is an acute angle, the differential current must be greater than the restraint current; hence, the current differential protection can perform well. When the current phase angle difference on both sides of the transmission line is an obtuse angle, the current differential protection may operate incorrectly. Therefore, the current phase angle difference is analyzed below in detail. According to (10) and (11), current phase angle difference is influenced by control system parameters and fault conditions, which significantly increase the difficulty of theoretical analysis. Therefore, some reasonable assumptions are necessary. This paper analyzed current phase angle difference using control variate method. The following assumptions were adopted to simplify the analysis: (1) the active power references: 0.2 p.u. ≤ P* ≤ 0.9 p.u. The P* is within a reasonable range, which covers most cases.



The current phase angle difference with the different active power references (P*) under the control target of eliminating the negative-sequence current is depicted in Figure 5. Figure 5 shows that as the active power references changes, the current phase angle difference changes accordingly. Consequently, in the event of some certain fault cases, the current phase angle difference will exceed 90°, which will cause the restraint current to be greater than the differential current, and make the current differential protection exhibit a high risk of malfunction or inoperability.



Generally, the amplitude of the N-side fault current is much larger than that of the M-side fault current. Kvscb and Kvscc are larger than 2. Therefore, the following assumptions were adopted to simplify the analysis: (1) the active power references, i.e., 0.2 p.u. ≤ P* ≤ 0.8 p.u., and (2) 2 < Kvscc < 10. Meanwhile, P* and Kvscc are within a reasonable range, which can cover most fault conditions. Figure 6 shows the ratio of the differential current over restraint current (Kc) under phase-to-phase fault. As showed in Figure 6, with the changes in the active power references and the strength of the power grid system, Kc may become less than 0.8 in some cases, which may further make the current differential protection perform incorrectly. Therefore, the current differential protection is considerably influenced by the interconnection of the PVPPs, which are likely to malfunction.



In particular, assuming that the phase angle difference between the fault current phasors on both sides is 180°, the ratio of differential current over the restraint current is minimum, and Equation (18) can be expressed as follows:


     |  1 −  K  v s c b , c    |     |  1 +  K  v s c b , c    |    = 0.8 ⇒  K  v s c b , c   = 9 .  



(20)







According to Equation (20), when the power grid system is extremely strong and the fault resistance is not large, the ratio of fault current amplitude on the N-side to the fault current amplitude on the M-side is larger than 9, and the current differential protection will operate reliably in any case.




3.3. Operating Performance Analysis of Current Differential Protection under External Faults


In the event of the AG fault occurs in f2, the fault phase currents on both the sides are observed to be equal in amplitude and opposite in direction. Thence, the phase-A current on the M- and N-sides can be calculated as


    I ˙   M a   = −   I ˙   N a   .  



(21)







From Equations (12) and (21), the differential current and restraint current can be expressed as


     I  o p a   =   I ˙   M a   +   I ˙   N a   = 0      I  r e s x   =   I ˙   M a   −   I ˙   N a   = 2   I ˙   M a      



(22)







Based on Equation (22), it is obvious that the differential current is less than the restraint current and that the ratio of the differential current over restraint current does not satisfy the operation criterion of current differential protection, which will not operate reliably.





4. Simulation Verification


To verify the accuracy and effectiveness of the aforementioned theoretical analysis, a study model of the PVPPs was built in PSCAD/EMTDC based on the actual engineering data, as depicted in Figure 1. Meanwhile, a digital signal processor (DSP) has been simulated via this PVPP simulation model. The data processing of the sampled values and the implementation of the control algorithm are programmed using the Fortran language, which can be used to simulate the interrupting mechanism of DSP and realize control algorithm digitization. The study model parameters of PVPP, the power grid system, the main transformer and the 220-kV AC transmission line used in the simulation model are presented in Table 1.



4.1. Case 1: Internal Single-Phase-To-Ground Faults


Figure 7 illustrates the simulation results of the internal AG fault occurs in f1. The simulation waveforms of the fault current under the AG fault at f1 are depicted in Figure 7a. It is demonstrated in Figure 7a that the fault current characteristics on the M-side are remarkably different from those of the N-side. The fault current of the M-side is mainly composed of a zero-sequence component, and the phase angles of the three-phase fault current are roughly the same.



The operating characteristics of the current differential protection with different fault resistances under the AG fault are illustrated in Figure 7b. By comparing different fault resistance values, the current phase angle difference is an acute angle in all the cases. Meanwhile, the ratio of the differential current over the restraint current (Ka) is much larger than 0.8; therefore, the current differential protection can perform well.



The operating characteristics of the current differential protection with different fault locations under AG fault are presented in Figure 7c. When the fault distance changes, the current phase angle difference is an acute angle, and the Ka is much larger than 1. Therefore, the current differential protection can perform well.



In this section, the internal BC fault is considered to analyze the operating characteristics of the current differential protection based on different influencing factors. Figure 8 demonstrates that the current differential protection may operate incorrectly under an internal BC fault. Therefore, the simulation results of the current differential protection are consistent with the theoretical analysis results presented in Section 3.




4.2. Case 2: Internal Phase-To-Phase Faults


Figure 8 illustrates the simulation results of the internal BC fault occurs in f1. The simulation waveforms of fault current under the BC fault are illustrated in Figure 8a. As can be seen from Figure 8, there is no negative sequence current for the fault current on the M side of the transmission line; furthermore, the three-phase current of the M side is symmetrical, and its amplitude does not exceed 1.2 times the rated value, which differs greatly from the fault current of the N-side.



Figure 8b illustrates the operating characteristics of the current differential protection with different fault resistances under the BC fault. According to the simulation result observed in Figure 8b, as the fault resistance continuously changes, the current phase angle difference may be an obtuse angle, and then the ratio of the differential current over restraint current (Kc) may be less than 0.8, which may further cause current differential protection to operate inaccurately.



The operating characteristics of current differential protection with different system parameters is depicted in Figure 8c. The system parameter 1 denotes the equivalent positive-sequence impedance (Zs1) and zero-sequence impedance (Zs0) of the power grid system as 0.56 + j6.98 Ω and 2.3 + j18.46 Ω, respectively; the system parameter 2 denotes Zs1 and Zs0 as 3.6 + j43.86 Ω and 4.2 + j56.85 Ω, respectively; and the system parameter 3 denotes Zs1 and Zs0 as 5.6 + j62.77 Ω and 4.87 + j78.89 Ω, respectively. As illustrated in Figure 8c, the current phase angle difference will exceed 90° in all the cases and increases as the equivalent impedance of the power grid system increases, whereas the Kc gradually decreases. Meanwhile, Figure 8c illustrates that the current phase angle difference of phase-C is an obtuse angle under a BC fault, which causes a malfunction of the current differential protection in case of the power grid system is weak. In case of the power grid system is strong, the current differential protection will operate reliably; however, this may lead to low sensitivity.



The operating characteristics of the current differential protection with different active power references under BC fault with 5-Ω fault resistance is depicted in Figure 8d. As the active power references increases, the current phase angle difference of phase-C is an obtuse angle, and Kc will be less than 0.8. Therefore, the current differential protection will operate incorrectly.



The operating characteristics of the current differential protection with different fault locations under the BC fault is depicted in Figure 8e. As the fault distance changes, Kb is always observed to be greater than 1. However, as the distance between the bus M and the fault location decreases, Kc also gradually decreases. In particular, where the distance between bus M and the fault location is 10 km, Kc will be less than 0.8, and the current differential protection will operate incorrectly.



This section considers internal BC fault as a case to analyze the operating characteristics of the current differential protection with different influencing factors. It can be seen from Figure 8 that the current differential protection may operate incorrectly under an internal BC fault. Therefore, the simulation results of the current differential protection are consistent with the theoretical analysis results presented in Section 3.




4.3. Case 3: External Faults


The simulation results under an external AG fault occurring at f2 are showed in Figure 9. When fault type is an external AG fault, the current phase angle difference is almost −180°, and the Ka is almost equal to 0. The amplitude of the fault phase currents on both sides is almost equal, and the directions are opposite; thence, the current differential protection will not operate reliably. Similarly, the simulation results of the current differential protection in case of the AG fault is also applicable to other fault types.





5. Discussion


With the maturity of the inverter integration technology and the commissioning of large-scale PVPPs, investigating the performance problem of current differential protection on high-voltage transmission lines is of great significance to power grid. The main contributions of the present study are as follows:




	
Some studies have investigated the influence of the renewable energy power stations on current differential protection [24,25,26,27,28]. However, those studies did not discuss or analyze the specific fault characteristics of PVPPs from a mathematical viewpoint. Compared with previous studies, this study is the first to analyze the influence of PVPPs on the current differential protection of the AC transmission lines based on mathematical theory and summarizes its influencing factors based on analytical expressions.



	
The ratio of differential current over restraint current was initially derived in this study; this ratio is considerably affected by the control system parameters, power grid system parameters, fault resistance, and fault types. Furthermore, the dynamic characteristics of the ratio of differential current over restraint current can be clearly observed via a three-dimensional diagram.



	
The ratio of the fault-current amplitude on the N-side with respect to the fault current amplitude on the M-side is larger than nine and the current differential protection will operate reliably in any case when the power grid system is extremely strong and the fault resistance is not large. Current differential protection may not operate correctly when the power grid system is weak. Therefore, the power grid system parameters will enhance the adverse influence of the PVPPs on current differential protection when the PVPPs are connected to a power grid.



	
This study provides meaningful guidance for the engineering application of current differential protection. Moreover, the analytic ideas presented in this study are suitable for other traditional fault protection, including directional relay protection and phase selection element protection.



	
This study mainly analyzed the effects of PVPPs on the performances of current differential protection. However, the solution to performance problems of current differential protection of the lines connected to PVPPs remains unmentioned, which is outside the scope of this research. The corresponding solution to eliminate the adverse effects of PVPPs on current differential protection is one of the authors’ research focuses in the future.









6. Conclusions


The performance problem of current differential protection was analyzed in this paper. The following conclusions can be obtained related to the operation performance of current differential protection:




	
The ratio of differential current over restraint current has been derived in this study and is observed to be affected by the control system parameters, power grid system parameters, fault resistance, and fault types. Furthermore, the dynamic characteristics of this ratio can be clearly observed via a three-dimensional diagram. The current differential protection may not operate correctly with a change in the influencing factors.



	
This study reveals that the current differential protection exhibits a high risk of malfunction or inoperability in case the AC transmission lines are connected with the PVPPs. In case of a ground fault, the current phase angle difference is an acute angle, and the current differential protection can perform well. However, if the fault type is an ungrounded fault, the current phase angle difference may become an obtuse angle, which may cause the inaccurate operation of the current differential protection.



	
The mathematical analysis presents that the amplitude ratio of the fault current on both sides of the line is larger than nine and that the current differential protection will operate reliably in any case. Therefore, it is necessary to avoid the connection of large-scale PVPPs with weak grids.



	
Future power grids will comprise more photovoltaic power generators that pose a massive challenge to the traditional fault protection due to the overcurrent limits of the power electronic devices and the controllability of the PV inverter. A novel real-time intelligent adaptive current differential protection is a key research direction, and its restraint coefficient can be adaptively adjusted based on the capacity and operation mode of the power grid.
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Figure 1. Partial topology of a photovoltaic power plant (PVPP). 
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Figure 2. Sequence network diagram under the phase-A-to-ground (AG) fault at f1. 
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Figure 3. Sequence network diagram under a phase-B-to-phase-C (BC) fault at f1. 
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Figure 4. Ratio of differential current over restraint current under an internal AG fault. 
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Figure 5. Current phase difference angle between both sides of the transmission line when the active power references change. 
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Figure 6. Ratio of the differential current over restraint current under a phase-to-phase fault. 
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Figure 7. Simulation results under an internal AG fault. (a) Simulation waveforms of the fault current under an internal AG fault. (b) Operating characteristics of the current differential protection with different fault resistances under an internal AG fault. (c) Operating characteristics of the current differential protection with different fault locations under an internal AG fault. 
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Figure 8. Simulation results under an internal BC fault. (a) Simulation waveforms of the fault current under an internal BC fault. (b) Operating characteristics of current differential protection with different fault resistances under an internal BC fault. (c) Operating characteristics of current differential protection with different system impedances under an internal BC fault. (d) Operating characteristics of current differential protection with different active power references under an internal BC fault. (e) Operating characteristics of current differential protection different fault locations under an internal BC fault. 
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Figure 9. Simulation results under an external AG fault occurring at f2 on the transmission line. 
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Table 1. The study model parameters.






Table 1. The study model parameters.





	Component
	Parameters





	PV power plant
	SPV = 150 MVA



	power grid system
	ZS1 = 1.6 + j18.26 Ω

ZS0 = 3 + j28.68 Ω



	main transformer
	ST = 200 MVA

kT = 230/37 kV

YNd11 connection type

short-circuit impedance 16%



	220 kV transmission line
	lMN = 100 km

ZL1 = 10.7 + j42.7 Ω

ZL0 = 53.5 + j115.3 Ω











© 2020 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/).
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