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When the energy storage power station encounters a fault on the transmission line during charging, active component of its short-circuit current still maintains an inverse relationship with the positive-sequence voltage at its grid connection point, influenced by the converter control strategy. This leads to a large phase difference between the short-circuit currents on both sides of the transmission line, posing a risk of no-trip failure in conventional current differential protection. To address the above issues, this paper proposes a differential protection scheme for transmission line connected to energy storage power stations based on positive-sequence reactive current, which can effectively avoid the influence of energy storage charging and discharging state on the differential current protection. The feasibility of the positive-sequence reactive current differential protection for transmission line connected to energy storage power station is analyzed through theoretical derivation. To address the issue of protection sensitivity being affected by line capacitive current when the fault voltage drop is relatively low, capacitive current compensation is added to the positive-sequence reactive current differential protection criterion. Finally, performance testing was conducted through PSCAD simulation. Results show that the proposed method can eliminate the impact of energy storage charge and discharge differences on the current differential protection performance and has good performance under different fault conditions.
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1 INTRODUCTION
In recent years, electrochemical energy storage in various application forms has developed rapidly (Amin et al., 2023; Mohan et al., 2024; Tang, 2024). Among them, for grid-connected energy storage power stations, the Chinese national standards stipulate its dynamic reactive power support capability fault crossing, but do not stipulate the magnitude and direction of the active component of the short-circuit current at this time (National Standards of People’s Republic of China, 2023). Therefore, in current engineering practice, when energy storage power station encounters a fault on the transmission line during charging, its short-circuit current is characterized as injecting positive-sequence reactive current into the grid connection point and absorbing positive-sequence active current. Such short-circuit current characteristics will cause a large phase difference between the currents on both sides of the transmission line, resulting in a high risk of maloperation for conventional current differential protection (CDP).
Some studies have proposed protection improvement methods for the issue of the CDP no-trip failure caused by excessive phase difference. The improvement methods proposed in references (Guo et al., 2025; Lan et al., 2023; Zang et al., 2022) are based on the fault characteristics of photovoltaic and direct-drive wind turbines, and cannot adapt to the energy storage in charging state. Among them, reference (Guo et al., 2025) proposed a new principle of differential protection combining restraining current and restraining voltage, where the current restraining criterion can improve protection sensitivity compared to conventional criteria, the analysis in the paper was only conducted when the current phase difference was below 120°, which does not cover the range of current phase difference variations during energy storage charging. Reference (Lan et al., 2023) constructed a new differential protection principle by combining different phase currents on both sides of the line, but this method is based on the premise that the short-circuit current on the inverter-based power side is three-phase symmetrical. Reference (Zang et al., 2022) proposes a d-axis-based current differential protection scheme, but this scheme cannot adapt to the characteristics that energy storage absorb active current during charging.
The improvement methods proposed in references (Jia, 2022; Zhang et al., 2024; Liang et al., 2023; Zang et al., 2021; Mishra et al., 2022) can enhance the performance of current differential protection of the transmission line connected to energy storage power station under charging conditions, but there are still shortcomings. Among them, reference (Jia, 2022) proposes a current differential protection based on amplitude comparison, by utilizing the significant difference in short-circuit current amplitude between inverter-based power and the system. However, this method still faces the problem of insufficient sensitivity when the capacity of new energy station is large. Reference (Zhang et al., 2024) proposes an adaptive current differential improvement criterion that compensates for both current amplitude and phase for energy storage current differential protection. However, the constant coefficients in the amplitude compensation function and phase compensation function mentioned in the paper are not explained in terms of their meaning and selection principles, and there is no analysis or simulation on whether this criterion will cause protection maloperation during external faults. Reference (Liang et al., 2023) proposes an improved method for energy storage current differential protection. This method compensates both the magnitude and phase of the short-circuit current to improve protection sensitivity. However, selection principles of constant coefficients in the magnitude compensation function and phase compensation function mentioned in the paper are not explained, and there is no analysis or simulation on whether this criterion will cause protection maloperation during external faults. Reference (Zang et al., 2021) proposes an enhanced current differential protection that modifies the amplitude ratio and phase difference of currents on both sides of the line. This method can effectively improve the performance of current differential protection, but due to the need to ensure reliability during external faults, it still lacks sufficient sensitivity for internal faults when the current amplitude ratio is close to 1. Reference (Mishra et al., 2022) proposes a distribution network current differential protection scheme based on Q-axis current, but it does not consider the effect of line capacitive current, which may lead to insufficient sensitivity under conditions of high transition resistance. Moreover, the photovoltaic power capacity in its example is very small, which differs significantly from scenarios with large-capacity energy storage power stations accessing the grid. Reference (Farshad, 2021) uses the second harmonic components of Q-axis current and voltage to achieve protection of distribution networks containing photovoltaic power stations, but the paper does not address the protection performance when the inverter has harmonic suppression control strategies.
In addition, there are also some methods using indicators such as cosine similarity (Sirisha and Pradhan, 2020; Zheng et al., 2021; Zhang et al., 2019) and Pearson correlation coefficient to identify faults (Chen et al., 2018)- (Jia et al., 2018). These methods use a data-driven approach to avoid conventional protection performance issues caused by renewable energy sources, but outliers may have a significant impact on them.
In this paper, a positive-sequence reactive current differential protection suitable for transmission line connected to energy storage power station is proposed based on the fault characteristics of energy storage injecting.
Positive-sequence reactive current into the grid connection point during transmission line fault. This method first calculates the positive-sequence reactive current component on the local side using the positive-sequence voltage and positive-sequence current at the protection installation. Subsequently, based on the line capacitance parameters and bus voltage, the positive-sequence reactive current is compensated. The compensated positive-sequence reactive current component is used for longitudinal differential protection. This method can eliminate the phase difference caused by the absorption of active current during energy storage charging, avoiding the risk of no-trip failure.
2 EFFECT OF ENERGY STORAGE CHARGING ON THE CDP
2.1 Energy storage converter control strategy
For the current grid-connected energy storage, its converter control strategy usually adopts a dual closed-loop control method with a power outer loop and a current inner loop (Telukunta et al., 2017; Chen and Mei, 2015; National Standards of People’s Republic of China, 2021; National Standards of People’s Republi c of China, 2024). When different faults occur on the transmission line connected to energy storage power station, in order to meet the dynamic reactive power support capability specified by the current national standards and the current limiting requirements of the converter (National Standards of People’s Republic of China, 2023), the control targets for the positive sequence reactive and active components of the energy storage short-circuit current are shown in Equations 1, 2.
iq+=0UPCC_pu+>0.9K10.9−UPCC_pu+INUPCC_pu+≤0.9(1)
id+=IN/UPCC_pu+UPCC_pu+>0.9minImax2−iq+2,IN/UPCC_pu+UPCC_pu+≤0.9(2)
Where UPCC_pu+ is the positive sequence voltage at the energy storage and network point; IN is the rated current of the energy storage; iq+ and id+ are the positive-sequence reactive current and active current, respectively. K1 is the dynamic reactive current coefficient, with a value of 1.5-3, specified by reference (National Standards of People’s Republic of China, 2023). When K1 is smaller, the reactive current is smaller, making the reactive current differential protection least likely to operate; Therefore, this paper chooses 1.5, the most unfavorable case, to test the performance of the proposed scheme; Imax is the converter amplitude limiting requirement, this paper takes 1.5IN.
2.2 Effect of active component of short-circuit current on the CDP
Influenced by the control strategy, no matter in the charging or discharging state, the direction of the positive-sequence reactive power component of the short-circuit current is always from the energy storage to the grid connection point when a short-circuit occurs in the transmission line connected to energy storage power station. However, the direction of its positive-sequence active current is directly related to the charging and discharging state of the energy storage.
Figure 1 shows the different relationship under charging and discharging conditions between short-circuit current of energy storage and voltage of the grid connection point. Id_disc+ and Id_cha+ are the positive-sequence active components of energy storage short-circuit current under charging and discharging conditions, respectively. The directions of Id_disc+ and Id_cha+ are opposite during charging and discharging states, resulting in a significant phase difference between phase currents Iphase_disc+ and Iphase_cha+.
[image: Diagram illustrating phase and current vectors in a coordinate system. Vectors labeled \(I^+_{d\_cha}\), \(I^+_{d\_disc}\), \(I^+_{phase\_cha}\), \(I^+_{phase\_disc}\), \(I^+_{q\_disc}\), \(I^+_{q\_cha}\), and \(U^+_{PCC}\) are shown with directional arrows, intersecting at an origin point.]FIGURE 1 | Characteristics of short-circuit current of energy storage.From Figure 1, it can be seen that the phase difference between Iphase_cha+ and UP+ is an obtuse angle. This phase characteristic of short-circuit current under charging conditions will significantly increase the phase difference of short-circuit currents on both sides of the line, thereby leading to the risk of no-trip failure of the CDP. This risk will be more obvious when the capacity of the energy storage plant increases. The performance problem of the CDP caused by rectified state of converter has been analyzed in detail in the literature (Liang et al., 2023).
3 MODIFIED CURRENT DIFFERENTIAL PROTECTION BASED ON ADAPTIVE PHASE COMPENSATION AND ITS SETTING METHODS
According to the analysis in Section 2, it can be seen that no-trip failure of the CDP under the energy storage charging state is mainly caused by the active component of the short-circuit current provided by the energy storage power station. Therefore, this paper proposes a differential protection based on the positive-sequence reactive component of the short-circuit current to avoid the influence of the active component.
3.1 Energy storage converter control strategy
In the system shown in Figure 2, the feasibility of applying positive-sequence reactive current differential protection to the transmission line PQ is analyzed. The positive-sequence reactive currents at points P and Q are both calculated using the local voltage and current through d-q decomposition. Since only the positive-sequence reactive current is used, performance of the positive-sequence reactive current differential protection applied to the line PQ is basically unaffected by the difference between charging and discharging states. A feasibility analysis is conducted using the charging state as an example.
[image: Diagram showing an energy storage system connected to a main grid. Points P and Q are along the line, with switches k1 and k2 between them. The flow directs towards the main grid on the right.]FIGURE 2 | Characteristics of short-circuit current of energy storage.3.1.1 Fault in the line PQ
When a fault occurs at a point k1 on the line PQ in Figure 2, the short-circuit current at bus Q is provided by the system side. At this time, the direction of the positive-sequence reactive current calculated from the positive-sequence voltage and positive-sequence current must be from bus Q to the fault point k1; bus P is the energy storage grid connection point. According to the fault ride-through standard, regardless of whether the energy storage is charging or discharging at this time, the direction of its positive-sequence reactive current is from bus P to the fault point k1.
3.1.2 Fault out of the line PQ
When the fault occurs at a point k2 on line QN in Figure 2, the direction of the positive sequence reactive current at bus P is still bus-pointing to the point of fault.
Assuming that the steady state of the control target can be reached after the fault, the voltage-current relationship at the energy storage grid connection point P can be written, resulting in Equation 3.
U·P+=ΔU·P−k2++U·k2+=ZP−k2+IP+·+U·k2+(3)
Where IP+· and U·P+ are the positive-sequence current and positive-sequence voltage at point P, respectively; U·k2+ is the positive-sequence voltage at fault point k2; ΔU·P−k2+ is the positive-sequence voltage drop from point P to fault point k2; ZP−k2+ is the positive-sequence impedance from point P to fault point k2. Using the phase of U·P+ as the reference direction, draw the phasor diagram as shown in Figure 3.
[image: Geometric diagram illustrating vectors and angles. Points labeled \(I_P^+ = I_Q^+\), \(U_Q^+\), \(U_P^+\), \(U_{k2}^+\), and \(\Delta U_{P-k2}^+\) show vector relationships. Angles labeled \(\theta_l\) and LVRT indicate measurements. Arrows depict vector direction.]FIGURE 3 | Phasor diagram of transmission line fault during energy storage charging.In Figure 3, ∠LVRT is the angle between the positive-sequence voltage and positive-sequence current at the energy storage grid connection point, determined by the energy storage control strategy; θl is the line impedance angle; the positive-sequence voltage U·Q+ at bus Q is located between U·P+ and U·k2+.
When the fault point is near point Q, U·Q+ and U·k2+ are basically the same. At this time, the phase lead-lag relationship between U·Q+ and IQ+· is most likely to change, draw the critical condition of U·k2+ and IQ+· parallel, as shown in Figure 4.
[image: Diagram illustrating a phasor representation involving vectors \( I_{Q}^+ \), \( i_{q}^+ \), \( i_{d}^+ \), \( U_{P}^+ \), and \( U_{k2}^+ \). Angles noted include \( \angle LVRT \) and \( \theta_l \), with \( \Delta U_{P-k2}^+ \) and corresponding angle relationships \( \pi - \angle LVRT \) and \( \theta_1 \).]FIGURE 4 | Phasor diagram of the critical condition.From the geometric relationship shown in Figure 4, it can be obtained that when Equation 4 holds, U·Q+ always leads IQ+·.
ZP−k2+IP+·≤U·P+sinπ−∠LVRT/⁡sin⁡θl(4)
In(4), θl is the line impedance angle, and sin⁡θl is taken as 1 according to the most unfavorable condition.
When the fault type is a metallic three-phase short circuit, the positive sequence voltage at the energy storage grid connection point is too low to maintain a stable charging state.
If the fault type is other metallic short circuit, IQ+· reaches the limit value Imax, and the value of Imax is taken as 1.5IN in this paper. Combining with Equations 1, 4 can be further simplified to Equation 5.
ZP−k2+IN≤K1UP_pu+0.9−UP_pu+E/2.25(5)
In Equation 5, E is the system potential. ZP−k2+IN is basically the same as line voltage drop during normal operation, usually less than 10% E, significantly smaller than the value on the right side of Equation 5. Therefore, at this time, the direction of the reactive current at point Q is from bus Q to the fault point k2, and the differential protection of line PQ will not operate incorrectly.
3.2 Positive-sequence reactive current differential protection criterion
Based on the analysis results in Section A, the positive-sequence reactive current differential protection criterion (RCDP) can be designed as shown in Equation 6.
I·qP++I·qQ+>Iset(6)
In(6), I·qP+ and I·qQ+ are the positive-sequence reactive currents measured at points P and Q in Figure 2, with the positive direction defined as from the bus to the line. Iset is the operating current, set according to Equation 7.
Iset=0.1KstKnpIk.⁡max(7)
In Equation 7, the coefficient 0.1 indicates the error of the current transformer; Ik.⁡max is the maximum positive-sequence reactive short-circuit current during an external fault; Kst is the coefficient to measure whether equipment is of the same type, taken as 0.5 in this paper; Knp is the non-periodic component coefficient, used to reflect the effect of non-periodic components, taken as 1.5 in this paper.
3.3 Performance analysis of the RCDP
3.3.1 The effect of line capacitance
Feasibility of the RCDP has been analyzed in Section A in Chapter III based on short-circuit current characteristics of energy storage, but the effect of line distributed capacitance on protection performance under special fault conditions was not considered in the analysis process. In fact, as the transition resistance at the short-circuit point increases, the positive-sequence voltage at the energy storage grid connection point gradually rises to above 0.9 p. u. During this process, the positive-sequence reactive current provided by the energy storage power station gradually decreases to zero. For the system side, if the transition resistance continues to increase, the positive-sequence reactive component of its short-circuit current will also be reduced to the same order of magnitude as the line capacitance current, and thus the effect of line capacitance current on the RCDP is not negligible.
Since point P is the energy storage grid connection point, the reactive current at point P should be determined solely by the control strategy. The positive-sequence reactive current component at Q in Equation 8 should be the superposition of the positive-sequence reactive component of the line capacitive current and the reactive component of the short-circuit current when the line capacitive effect is neglected. The positive sequence component of the line capacitance current at Q is noted to be IcQ+·, and its direction is perpendicular to UQ+·.The short-circuit currents at P and Q when the effect of line capacitance is neglected are IsP+· and IsQ+·, respectively. Equation 6 can be rewritten as Equation 8.
I·sP++I·sQ++I·cQ+>Iset(8)
In expression Equation 8, the left-side expression is the differential current, and the ratio of the differential current to the operating current Iset is the protection sensitivity Ksen.The positive sequence component of the line capacitor current flows from the energy storage to the system. IcQ+· and IsQ+· are in opposite directions. The presence of IcQ+· will make the differential current smaller thus leading to a reduction in the sensitivity of the protection. Therefore, capacitive current compensation needs to be added to the RCDP.
3.3.2 The effect of operating current setting methods
Operating current Iset in Equation 6 is set to avoid the maximum positive-sequence reactive power unbalance current in case of out-of-area fault. However, magnitude of the positive-sequence reactive component of the short-circuit current varies significantly with different fault types and transition resistances, and sensitivity of the RCDP will be low if it is set only on the basis of the imbalance current in the most severe case. Therefore, it is necessary to construct the positive-sequence reactive current differential protection criterion with reference to the conventional ratio-braking current differential protection.
3.4 Positive-sequence reactive current differential protection criterion considering line capacitance current compensation
Based on the above analysis, the positive-sequence reactive current differential protection considering line capacitive current compensation (CRCDP) is constructed as shown in Equation 9.
IqP+·+IqQ+·′>⁡maxkrIqP+·−IqQ+·′,wcPQUQ+·/2(9)
In (9), IqQ+′ is the compensated positive sequence reactive current at Q. The positive direction of both IqP+· and IqQ+·′ is defined as from the bus to the line. The calculation is performed according to (Equation 10), where cPQ is the capacitance of line PQ, w is the angular frequency, and UQ+· is the voltage magnitude at Q; kr is the restraining coefficient, which is the same as the slope in the conventional percentage differential protection.
IqQ+·′=IqQ+·−wcPQUQ+·(10)
Noting that the left side of Equation 9 is the differential amount, the right side is the restraining amount, and ratio of the restraining amount to the differential amount is protection sensitivity. krIqP+·−IqQ+·′ is the restraining current set with reference to the conventional ratio-braking type current differential protection. Since the voltage at the Q bus is used for capacitive current compensation on the Q side, rather than an integral calculation utilizing the voltage along the line, this may result in an error in the restraining amount. To avoid the restraining amount being too low due to capacitor current compensation errors, the maximum compensation error wcPQUQ+·/2 needs to be set as the lower limit of the restraining amount to prevent protection maloperation.
Protection action logic of the CRCDP is shown in Figure 5. The protection action signal needs to remain effective for more than 5 m to avoid maloperation caused by transient fluctuations.
[image: Flowchart illustrating a decision-making process. It starts with a condition \(U^+_{P-pu} \geq 0.1\). If "No," it leads to "Protection blocking." If "Yes," it calculates \(I_{Q^+}'=I_{Q^+} - wc_Q |U^+_{\Theta}|\). Satisfying Equation (9) moves to checking if "Signal persists over 5 ms." If this is satisfied, it results in "Action"; if not, it results in "Inaction." "Disatisfy" cases lead to "Protection blocking."]FIGURE 5 | Protection action logic of the CRCDP.4 SIMULATION VERIFICATION
Build the simulation model according to the system structure shown in Figure 6. The equivalent impedance of the external system and line parameters are shown in Table 1. The lengths of lines PQ and QN are both 40 km, and the capacity of energy storage power station is 200 MW. The transformer has a voltage rating of 35kV/220 kV and a rated capacity of 300MVA. The control strategy and filter of the energy storage converter is shown in Figures 7a,b. In Figure 7b, Cfilter is 1400 μF, Rdamp is 4.8 Ω, Ldamp is 0.000675 H, and Cdamp is 157 μF. In the simulation, the positive sequence components of voltage and current are extracted using the frequency scanner module integrated in PSCAD 4.6. This module employs a Fourier filter algorithm.
[image: Diagram showing an energy storage system connected to a main grid. The layout includes connection points P, Q, and N with series devices labeled F1 to F6. A breaker symbol and energy flow indicator are shown.]FIGURE 6 | Structure of the grid-connected system of energy storage power station (a) Control strategy (b) Filter.TABLE 1 | Line parameters and system equivalent impedance.	Line positive sequence impedance	0.074 + j0.42 (Ω/km)
	Line zero sequence impedance	0.222 + j1.26 (Ω/km)
	System Equivalent Impedance	5 + j31.42 (Ω)
	Line capacitance	0.0605 (μF/km)


[image: Diagram (a) shows a control system with multiple PI controllers, inputs labeled \( P \), \( Q \), \( P_{\text{ref}} \), and \( Q_{\text{ref}} \), and outputs labeled \( V_d \) and \( V_q \) connected to SPWM. Diagram (b) shows an electrical circuit with a resistor \( R_{\text{damp}} \), an inductor \( L_{\text{damp}} \), and capacitors \( C_{\text{damp}} \) and \( C_{\text{filter}} \).]FIGURE 7 | Control strategy and filter of the energy storage converter. (a) Control strategy. (b) Filter.Points F1-F6 in Figure 6 are the fault locations to be used in the subsequent simulation, and the specific location descriptions of F1-F6 are shown in Table 2.
TABLE 2 | F1-F6 position description.	Position	Explanation
	F1	5% away from bus P on the line PQ
	F2	20% away from bus P on the line PQ
	F3	Middle of the line PQ
	F4	80% away from bus P on the line PQ
	F5	95% away from bus P on the line PQ
	F6	5% away from bus Q on the line QN


Points F1-F6 in Figure 6 Table 2 are the fault locations to be used in the subsequent simulation, and the specific location descriptions of F1-F6 are shown in.
4.1 Tripping time comparison
In the simulation, the energy storage is set to operate in charging mode, and a fault occurs at the midpoint of the line PQ (F3 in Figure 6) at 1.5 s. The fault type is set as metallic phase A ground fault. Operating curves of CDP, RCDP, and CRCDP is shown in Figure 8.
[image: Three graphs show trip signals over time. Graph (a) has a black line indicating 17.05 milliseconds for tripping. Graph (b) shows a blue line with 8.82 milliseconds. Graph (c) features a red line with 8.76 milliseconds. All x-axes range from 1.45 to 1.8 seconds.]FIGURE 8 | Operating curves of CDP, RCDP, and CRCDP. (a) Trip signal of CDP. (b) Trip signal of RCDP. (c) Trip signal of CRCDP.As shown in Figure 8, the CDP, RCDP, and CRCDP can all correctly identify faults during metallic phase A ground fault. Among them, CDP requires the longest tripping time of 17.05 m. The tripping time of RCDP and CRCDP is significantly shorter than that of CDP, which is 8.82 m and 8.76 m, respectively.
4.2 Protection performance comparison during internal and external faults
4.2.1 Internal faults
In the simulation, the energy storage is set to operate in charging mode, and a fault occurs at the midpoint of the line PQ (F3 in Figure 6) at 1.5 s. The fault types and their corresponding transition resistances are shown in Table 3.
TABLE 3 | Fault types and transition resistance.	Case number	Fault type	Fault resistance
	Case1	AG	0Ω
	Case2	AG	100Ω
	Case3	AB	10Ω
	Case4	ABG	100Ω
	Case5	ABCG	100Ω


The sensitivities of CDP, RCDP, and CRCDP corresponding to each fault are shown in Figures 9a–e. When the sensitivity exceeds 1 and remains above 5 m (as mentioned in Figure 5), the protection trips.
[image: Five line graphs labeled (a) to (e) compare Ksen over time for CDP, RCDP, and CRCDP. Each graph shows different peak values and times. CDP is blue, RCDP black, and CRCDP red, with varying behavior in each graph across the 1.45 to 1.8 seconds range.]FIGURE 9 | Protection performance of different types of internal faults. (a) AG0ohm. (b) AG100ohm. (c) AB10ohm. (d) ABG100ohm. (e) ABCG100ohm.As shown in Figure 9, when the fault occurs during charging state, sensitivity of the CDP is seriously insufficient in faults from Case 2 to Case 5, posing a significant risk of protection no-trip failure. Sensitivity of the RCDP is very high in metallic phase A ground fault (Case 1) and AB phase-to-phase ground fault (Case 3), but when the transition resistance is high (Case 2 and Case 4), the sensitivity is only 0.63 and 0.97 respectively, also indicating insufficient sensitivity. Sensitivity of the CRCDP meets the operating conditions under various fault types.
4.2.2 External faults
In the simulation, the energy storage is set to operate in charging mode, and a fault occurs at 5% from bus Q on line QN (F6 in Figure 6) at 1.5 s. The fault types and their corresponding transition resistances are shown in Table 3. The sensitivities of CDP, RCDP, and CRCDP corresponding to each fault are shown in Figures 10a–e.
[image: Five line graphs display the Kesn values over time, labeled (a) to (e). Each graph compares three methods: CDP (black line), RCDP (blue line), and CRCDP (red line). Significant fluctuations appear around 1.5 seconds, with CRCDP showing the most variation before stabilizing. The time range spans from 1.45 to 1.8 seconds on the x-axis, while Kesn values are on the y-axis.]FIGURE 10 | Protection performance of different types of external faults. (a) AG0ohm. (b) AG100ohm. (c) AB10ohm. (d) ABG100ohm. (e) ABCG100ohm.As shown in Figure 10, when external faults occur, sensitivity of the CRCDP may only exceed 1 during the transient process after the fault, but the duration does not exceed 5 m, which does not meet the signal duration requirement for protection trip. Thus, no maloperation occurs. The CRCDP has sufficient reliability for external faults.
4.3 Effect of transition resistance on protection performance
In the simulation, the energy storage is set to operate in charging mode. A three-phase short circuit occurs at the midpoint of the line PQ (F3 in Figure 6) at 1.5 s. The transition resistances are 10Ω, 50Ω, 100Ω, and 200Ω respectively. The sensitivities of CDP, RCDP, and CRCDP corresponding to each fault are shown in Figures 11a–e.
[image: Four graphs labeled (a) to (d) display Ksen versus time from 1.45 to 1.8 seconds. Each graph compares CDP, RCDP, and CRCDP lines in black, blue, and red, respectively. Key points marked: (a) 2.68 and 0.48, (b) 3.23, (c) 1.38, (d) 1.64 and 0.13.]FIGURE 11 | Comparison of protection sensitivity at different transition resistances. (a) Fault resistance: 10ohm. (b) Fault resistance: 50ohm. (c) Fault resistance: 100ohm. (d) Fault resistance: 300ohmAs can be seen from Figure 10, the sensitivity of the CDP is seriously insufficient, even when the transition resistance is low (10Ω), its sensitivity is only 0.48, which can not meet the action requirements, and there is a greater risk of protection no-trip failure; the RCDP has a high sensitivity when the transition resistance is low, but its ability to resist the transition resistance is poor. When the transition resistance reaches 300Ω, its sensitivity is only 0.13, there is also a greater risk of protection no-trip failure; CRCDP maintains high sensitivity throughout the changes in transition resistance. Even when the transition resistance increases to 300Ω, its sensitivity reaches 1.64, ensuring accurate protection operation.
4.4 Effect of fault location on protection performance
In the simulation, the energy storage is set to operate in the charging state, and a phase A grounded short circuit occurs at positions F1-F5 in Figure 6 at 1.5 s, with a transition resistance of 100Ω. The sensitivity and operation status of CRCDP corresponding to faults at F1-F5 are shown in Table 4.
TABLE 4 | Sensitivity and protection action status of the CRCDP for faults F1 through F5.	Position	Ksen	Performance of CRCDP
	F1	1.95	correct action
	F2	1.86	correct action
	F3	1.68	correct action
	F4	1.51	correct action
	F5	1.43	correct action


As can be seen from Table 4, as the fault point moves from point F1 to point F5, the sensitivity of CRCDP gradually decreases, but it can always ensure normal protection operation.
4.5 Effect of energy storage capacity on protection performance
In the simulation, the energy storage capacities are set to 100 MW, 150 MW, 200 MW, and 250 MW respectively, with the energy storage operating in charging mode. At 1.5 s, phase A grounded short circuit occurs at the midpoint of the line PQ (P3 in Figure 6), with a transition resistance of 100Ω. The CRCDP sensitivity corresponding to each energy storage capacity is shown in Figure 12.
[image: Line graph showing Ksen over time from 1.45 to 1.8 seconds for power levels 100 megawatts, 150 megawatts, 200 megawatts, and 250 megawatts. The 250 megawatts line spikes and stabilizes around 3. The others stabilize near 1.]FIGURE 12 | CRCDP sensitivity at different energy storage capacities.As shown in Figure 12, the energy storage capacity has a significant impact on the sensitivity of CRCDP. The larger the energy storage capacity, the higher the sensitivity. When the energy storage capacity is 100 MW, the sensitivity of CRCDP is relatively low at about 1.21, which can still ensure normal protection operation.
4.6 Effect of charging and discharging states on protection performance
Take phase A grounded short circuit as an example, the sensitivity and action status of CRCDP under different charging and discharging states are explained. The transition resistance is set to 100Ω, and the fault start time is 1.5 s. The fault locations are set to P3 and P6 in Figure 6, respectively. For each fault location, the energy storage is set to be in charging and discharging states, respectively. The specific fault conditions are shown in Table 5.
TABLE 5 | Fault location and storage charge/discharge status.	Case number	Charging and discharging state	Fault position
	Case1	Charging	F3
	Case2	Discharging	F3
	Case3	Charging	F6
	Case4	Discharging	F6


The CRCDP sensitivity and action status corresponding to case 1- case 4 in Table 5 are shown in Table 6.
TABLE 6 | CRCDP sensitivity and action status corresponding to case 1- case 4.	Case number	Ksen	Performance of CRCDP
	Case1	1.69	correct action
	Case2	1.26	correct action
	Case3	0.51	correct no-action
	Case4	0.08	correct no-action


As can be seen from Table 6, CRCDP can correctly identify faults under both charging and discharging conditions. Under the same fault conditions, the sensitivity of CRCDP in the energy storage charging state is higher than that in the discharging state because the voltage on line PN during energy storage charging is lower than that during discharging, resulting in a larger positive sequence reactive current. The positive-sequence voltage amplitude of bus P corresponding to Case 1 and Case 2 is shown in Figure 13.
[image: Line graph showing voltage changes over time during discharge and charge. The blue line represents discharge, starting high at 210 kV, dropping sharply around 1.5 seconds, and stabilizing near 190 kV. The red line shows charge, beginning at 190 kV, quickly dropping to about 160 kV at 1.5 seconds, and leveling off. Time is on the x-axis (1.45 to 1.8 seconds), and voltage (kV) is on the y-axis (150 to 210 kV).]FIGURE 13 | Positive-sequence voltage magnitude of bus P corresponding to case1 and case2.5 CONCLUSION
The positive-sequence reactive current differential protection proposed in this paper can effectively reduce the risk of current differential protection no-trip failure caused by excessive phase difference of short-circuit current on both sides of the transmission line when the energy storage power station is charging, and has the following conclusions:
	1. The method proposed in this paper only uses the positive-sequence reactive component and can adapt to during both charging and discharging states of the energy storage power station. In addition, since the reactive current support capability provided by PV, direct-drive wind turbines, etc. is similar to that of grid-connected energy storage under the current standards, the protection proposed in this paper can also be applied to the transmission lines of photovoltaic power stations and direct-drive wind farms.
	2. The method has sufficient sensitivity under different transition resistances, fault locations and fault types, and performs better when the capacity of the energy storage plant is larger, which can adapt to the development trend of gradual growth of the energy storage power station capacity.
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