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With the proposal of the carbon peak goal, a multi-terminal flexible DC grid containing various renewable energy becomes the one of main ways of renewable energy power transmission. Thus, it is increasingly important to improve its transmission reliability and stability. This paper proposes a single-ended protection principle based on the analysis method of transient power change for the “mesh structure” ring-shaped flexible direct current (DC) grid. Based on the propagation characteristics of voltage, current, and anti-traveling waves during fault periods, the transient power variation coefficient based on SOD transformation is introduced to distinguish the internal and external faults. Besides, simulation based on the PSCAD/EMTDC platform within the Zhangbei four-port network verifies the effectiveness of the proposed protection principle under various fault conditions. Meanwhile, the protection criterion is designed according to the difference in the change coefficient of the transient power SOD within and outside the fault time zone. Moreover, the setting value of the start of protection is obtained by analyzing the simulation results, thus a set of fast and reliable single-ended protections for the same-side short-time transient power window of an enhanced flexible straight power grid is developed via combining it with the starting criterion of a sudden voltage change.
Keywords: renewable energy power grid, flexible direct current, SOD conversion, transient power, single-ended protection
1 INTRODUCTION
With China’s 2060 carbon neutralization target (Tang et al., 2013), the proportion of renewable energy in the energy system will inevitably increase year by year (Li et al., 2016a), and DC load will also continue to rise with the promotion of DC transmission technology (Li et al., 2015). The multi-terminal flexible DC grid containing renewable energy will likely become the main way of renewable energy power transmission (Sun et al., 2020; Bakeer et al., 2021), and improving its transmission reliability is a worthwhile research topic (Liu et al., 2020; Nayak et al., 2021).
In order to improve the protection performance of multi-terminal flexible direct current (DC) grid lines, much related research work has been carried out. Some literature (Li et al., 2016b) has employed the blocking effect of high-frequency components on line boundary elements (Tian et al., 2019; Bakeer et al., 2021) to distinguish the high-frequency transient energy on both sides of the boundary during faults. Though different judgment of internal and external faults effectively reduces the burden of protection setting, an appropriate simulation setting is still required. A wavelet transformation method was devised in reference (ASV et al., 2020) to extract the transient characteristics of the faults inside and outside the area according to the boundary characteristics of the DC line to construct the best judgment for its protection (Zhao et al., 2011). Further literature (Liu et al., 2017) has been directed at the structure design of two-level VSC converters in the DC system. Based on the boundary element energy storage capacitor and DC reactor, a protection criterion based on the transient voltage ratio method has been proposed. More studies (Tong et al., 2019) measured the attenuation characteristics difference of the same-name traveling wave and the different-name traveling wave on both sides of the fault line and the non-fault line. Meanwhile, the Hausdorff distance was also adopted to form a set of wave-matched longitudinal differential protections (Tong et al., 2019; Wang et al., 2020).
Based on the aforementioned prior studies, this paper proposes a new principle of single-ended protection based on the transient power change analysis method for the “mesh structure” ring-shaped flexible DC grid. Based on the propagation characteristics of the forward wave and anti-traveling wave of voltage and current during a fault period, the transient power variation coefficient based on SOD transformation is introduced to distinguish the internal and external faults. In particular, simulation on PSCAD/EMTDC platform effectively verifies the protection principle under various fault conditions, and the start value of protection is set according to simulation results. Besides, a specific protection criterion is designed based on the difference of transient power SOD variation coefficient within and outside the fault time zone. Thus, a set of fast and reliable single-ended protection is devised through the combination of starting criterion of voltage sudden change.
2 ANALYSIS OF FAULT CHARACTERISTICS OF MULTI-TERMINAL FLEXIBLE DC LINE
The structure of a typical multi-terminal flexible DC system is shown in Figure 1, in which f1 is an internal fault of the line, and f2, f3, f4, f5, and f6 are external faults of the line.
[image: Figure 1]FIGURE 1 | Schematic diagram of structural line failure of four-terminal flexible DC system.
There are two problems when considering a protection scheme intended mainly for line pilot protection under the failures of a multi-terminal flexible DC system. Firstly, when a near-end fault occurs, the electrical changes of the fault will be transmitted to the local protection at almost the same time as the fault occurs, and the opposite protection can only transmit acceleration signals to the local protection after the fault traveling wave arrives. The acceleration signal is the post-fault signal in relay protection that unconditionally trips the circuit breaker, but the delay of signal communication can cause damage to the transmission system. Thus, during protection scheme design, it is necessary to consider which fault condition produces the longest delay and set the upper limit of the time constraint according to the length of the line to prevent the converter from blocking before the protection action has occurred. Secondly, in the case of a near-end failure, the opposite side will produce reflected waves after traveling waves are transmitted. According to Peterson’s law, it is necessary to strictly ensure that the local side cannot be affected by the reflected waves of the opposite side before the fault processing is completed. The lower limit of time must be set according to the line length. The lower limit of time is the time it takes for a faulted traveling wave to propagate over a distance of twice the length of the line, and only an action time of less than this will ensure that the initial wavehead of the faulted traveling wave is not affected by the reflected wave. For practical engineering applications, if the length of each line of a multi-terminal network varies greatly, the difference of action effect of each line will be very obvious, which also brings certain difficulties to the setting of protection time.
As shown in Figure 1, when a fault occurs in f1, the fault traveling wave propagates along the line and converges at the M-point of the four-terminal network system due to the ring characteristics of the multi-terminal flexible DC transmission network. Because the directional characteristics of the traveling wave propagating at the mirror fault point are identical to the initial fault point, but the amplitude is reduced, there is an attenuation effect when propagating on the line. The characteristics of fault on protection p34 and p43 are similar to those on the M-point, only the magnitude is different. As the traveling wave propagates along the closed four-ended network, the faulty traveling wave from the fault must meet again at another point in the closed four-ended network, this point is the mirror fault point. The appearance of such a “mirror fault point” also brings difficulties to fault identification.
3 LINE PROTECTION BASED ON TRANSIENT POWER CHANGES
3.1 Analysis of Electrical Characteristics
As shown in Figure 2, after a short-circuit fault occurs on the DC line, the voltage traveling wave is generated at the short-circuit point and propagates to both sides of the line. f1 is the internal fault of the line and f2 is the external fault of the line.
[image: Figure 2]FIGURE 2 | Schematic diagram of line fault voltage traveling wave propagation.
Let us define the transient power change as the product of the voltage fault component [image: image]and, the current fault component [image: image], i.e., [image: image]
When a fault occurs in the f1 area without considering the line attenuation, the fault component of the measured voltage can be expressed by
[image: image]
where [image: image] represents the wave impedance of line 1, [image: image] denotes the inductance of DC reactor, and [image: image] means the transition resistance, respectively.
When an external f2 fault occurs, the fault component [image: image] of the measured voltage [image: image] can be expressed by
[image: image]
where [image: image] represents the wave impedance of line 1 and [image: image] means the time constant, respectively.
When an external fault occurs, due to the existence of attenuation factor in the formula, the voltage component decays with time, that is, the voltage wave head of the fault point becomes gentle under the action of the current limiting reactor. When an internal fault occurs, the fault voltage component changes step by step because there is no attenuation factor in the formula. In the calculation formula of fault voltage component, it can be seen that the sensitivity of response to transition resistance can be improved most obviously through the fault voltage component.
As shown in Figure 3, after a short-circuit fault occurs on the DC line, f1 represents an internal fault of the line, and f2 denotes an external fault of the line.
[image: Figure 3]FIGURE 3 | Schematic diagram of fault current propagation in adjacent lines.
The voltage of the smoothing reactor is proportional to the rate of change of current. The current-limiting reactor voltage [image: image] can be expressed by
[image: image]
It is noteworthy that the polarity of the fault current is related to the location of the fault. As shown in Figure 3, it is assumed that the current reference direction is the positive direction of the bus flow to the line. Taking line protection p12 as an example, when the line fault f1 occurs in the positive direction, its polarity is positive and the value of inductance voltage [image: image] is greater than zero; when the line has a reverse direction fault f2, the polarity of [image: image] is negative, and the value of the inductor voltage [image: image] is less than zero. Therefore, the polarity of the fault current can be used as a directional element to identify forward and reverse faults.
3.2 Analysis of Characteristics of Transient Power Variation
It can be seen from the above analysis that if we define the amount of transient power change as [image: image] = [image: image]×[image: image], compared with[image: image] the voltage fault component [image: image] is used in [image: image] to improve the sensitivity of response transition resistance. Compared with [image: image], the polarity of the current fault component [image: image] is used in [image: image] to distinguish between forward and reverse faults. Therefore, the difference between internal and external faults can be expanded, and the precision and sensitivity of fault identification can be enhanced. When a fault line wave arrives at the end of the line, a short time series inductance cannot change abruptly, the fault line wave will be completely reflected, and there is almost no refraction wave. After a period of time the inductor current gradually changes, the line end boundary effect weakens, the refraction wave gradually increases, and the reflected wave gradually decreases. According to the analysis of fault boundaries in a multi-terminal flexible DC line, it can be seen that the refraction coefficient transfer effect of the current traveling wave is similar to the refraction coefficient transfer effect of a voltage traveling wave, and the refraction coefficient gradually rises from 0 to 1 within a few milliseconds. The reflection coefficient of the voltage traveling wave gradually decreases from 1 to close to 0 within a few milliseconds, while the transfer effect of the current traveling wave reflection coefficient shows an opposite trend. Thus, during the internal fault of the line, there are multiple reflections of voltage and current traveling waves and multiple sudden changes of the direction of transient power [image: image]. In engineering practice, the DC outlets of VSC converter stations are often also connected in parallel with filters and series DC reactors, which play a filtering and current limiting role. For DC lines, these primary devices form natural boundaries, and taking into account the absorption and blocking effect of these boundary elements on the high-frequency components, the reactors at both ends of the line form obvious boundaries. Meanwhile, under external fault, due to the influence of the current limiting reactor and the length of the line, the change of the electric quantity tends to be gradual, which leads to the decrease of the direction change of the transient power change, which can be used as the criterion of the fault whether internal or external.
4 SOD-BASED FAULT IDENTIFICATION METHOD
4.1 SOD Transformation Algorithm
In order to further increase the difference between internal faults and external faults, and improve the discrimination, this work makes certain changes on the basis of traveling wave analysis. SOD is the cross overlap difference transform. Besides, a fault identification algorithm based on cross-overlap differential transformation is also employed. The higher the order, the more sufficiently it can reflect the characteristics of high-frequency transients and the direction of their sudden changes, which can be expressed as
[image: image]
Based on this transformation, the difference between each sampling point can be enlarged. Moreover, the positive and negative transformation coefficients of each sampling point can also be alternated, which can be regarded as a difference calculation for every two sampling points and then an integral operation, so as to make the fault abrupt change more explicit. According to the subsequent simulation requirements, this work utilizes the seventh-order SOD algorithm for the simulated instantaneous power value.
4.2 Recognition of Internal and External Faults
As was analyzed in Section 3, during an internal line fault, multiple reflections of voltage and current traveling waves and multiple sudden changes in the direction of the transient power occur. Meanwhile, due to the influence of the current limiting reactor and the length of the line, the changes of the electrical quantities tend to be gentler when an external fault occurs, resulting in the direction change of the transient power change being greatly reduced. When [image: image] is transformed by SOD, the transformation coefficient of SOD increases and the difference between the transformation coefficients of two consecutive sampling points also increases, thus increasing the amplitude of the sudden variable. When the line is in external fault, the change is not obvious, so the transformation coefficient is used to distinguish the internal and external faults, and Eq. 5 is formed by it. K is defined as the maximum value of the absolute value of SOD transformation coefficient, as shown in Eq. 6. Finally, according to the K value, the internal and external faults are divided into zones.
[image: image]
[image: image]
Taking the Zhangbei four-terminal flexible DC network as the simulation object, as shown in Figure 4, the converter stations in the figure are Zhangbei (vsc1), Beijing (vsc2), Fengning (vsc3), and Kangbao (vsc4), respectively.
[image: Figure 4]FIGURE 4 | Schematic diagram of line failures of four-terminal flexible DC system.
Since the line mode component of each electrical quantity is less affected by frequency, and it is suitable for grounding and non-grounding faults, the line mode component is used in the following calculation. Assuming that the line mode components of fault voltage and current measured by P12 with 20 K sampling frequency are represented by u12 and i12, the higher the differential order is the more obvious the waveform amplitude changes.
The instantaneous power adopts a 7-order SOD transformation to meet the requirements, and the transformed value is expressed by [image: image]. The expression method of other line protection measurements is the same. According to the analysis results in Section 2.1, the near-end faults of the line and various faults close to the midpoint of the line are analyzed and verified by a large number of simulations.
When a positive fault occurs on line 1 at a length of 100 km and the grounding resistance is 300 Ω, its voltage, current waveform, and transient power SOD transformation are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Voltage, current, and SΔP(n) waveform SOD transformation for line1 positive pole fault. (A) First-end positive fault voltage waveform; (B) Terminal positive fault voltage waveform; (C) First-end positive fault current waveform; (D) Terminal positive fault current waveform; (E) Line 1 head end SΔP(n) K = 4,037; (F) End of line 1SΔP(n) K = 4,063.
The transient power SOD transformation of non-faulty lines 2, 3, and 4 is shown in Figure 6.
[image: Figure 6]FIGURE 6 | SΔP(n)K value of non-faulty line. (A) Line 2 head end SΔP(n) K = 26.5; (B) End of line 2 SΔP(n) K = 38.6; (C) Line 3 head end SΔP(n) K = 40.2; (D) End of line 3 SΔP(n) K = 27.5; (E) Line 4 head end SΔP(n) K = 11.8; (F) End of line 4 SΔP(n) K = 40.5.
In particular, the simulation results of each line are shown in Table 1.
TABLE 1 | Line 1 combined power SOD conversion coefficient.
[image: Table 1]It can be seen from Table 1 that the transient power conversion coefficients of non-faulty lines show an obvious difference compared with that of faulty lines when various faults occur in different positions on the line and under different transition resistances. Based on this, the protection threshold can be set as the basis of distinguishing internal and external faults.
5 CONCLUSION
Fast and reliable DC fault identification is one of the key technologies for a multi-terminal ring flexible DC power grid. Based on the boundary characteristics of multi-terminal flexible DC power grids, a new fast protection method for a single terminal ring flexible DC power grid is proposed in this paper. Firstly, based on the refraction and reflection of the line boundary to the voltage and current traveling waves, the direction change is extracted through the SOD transformation coefficient of the instantaneous power, so as to realize fast and reliable fault identification. Secondly, the reliability of the protection is effectively improved via the over resistance characteristics of the fault voltage component and directional characteristics of the current component, and the difficulty of setting protections is reduced due to the high level of discrimination. It mainly contains the three following advantages, 1) fast operation speed that can respond within 6 ms after a fault occurs, which can effectively prevent the locking of a flexible DC power grid that can greatly improve the reliability of power supply; 2) fault identification is based on local information without communication; and 3) a strong ability to overcome transient resistance.
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