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The power system is migrating to 100% penetration of the converter-interfaced generation (CIG). The grid-forming converter-based CIG has been proposed to be a solution to replace the synchronous generation (SG) in order to form the grid and achieve the 100% penetration target. However, besides the generation, whether the protection system can coordinate this transition is still an open question. Although the grid-forming converter operates as the same manner as the SG, unlike SG, it physically has constraints on its current output which in transient leads to different operation to the SG. This paper aims to investigate whether these different transients have effects on the protection system, specifically, investigate if the protection system remains reliable when the system migrates to 100% penetration. The investigation is based on the hardware in-the-loop experiment, considering different converter control, different type of the fault, different length of the line and different fault location. The result shows that the grid-forming converter has a reliable coordination with the protection system in response to the fault.
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1 INTRODUCTION
Due to the global drive towards a 100% penetration of renewable in the power system, converter-interfaced generation (CIG), such as photovoltaic (PV) systems and wind turbines, are being widely integrated into the present power system (Xie et al., 2014). Most of the existing CIG are grid-feeding/following (Rocabert, 2012), using a phase locked loop to follow the grid frequency and purely feeding the power to the grid, so that essentially they behave like a current source. However, in the transition to the replacement of the synchronous generation (SG) by CIG, some of the CIG must assume the responsibility of the SG to form the grid and consequently behave as voltage sources (Chen and O'Donnell, 2019a; Chen et al., 2020a). According to Hennig, 2019 and ENTSO-E (2017), in a fully non-synchronous system at least 30% of the generation should be the grid-forming for the sake of the power system stability. ENTSO-E (2017) presents some considerations for the implementation of grid-forming converters in national grid-codes.
The grid-forming converter typically applies outer voltage inner current controls thus controlling the output voltage directly in terms of both amplitude and phase. Its output power is the consequence of the difference between the grid voltage and controlled output voltage. Conversely, the control of the power and voltage amplitude can lock the phase (Xiong et al., 2021), thus maintaining a power based synchronization with the grid (Tayab et al., 2017) analogous to the SG. The implementation of the power synchronization control can be as simple as a proportional gain from the power to the converter frequency, defined as droop control and widely used in microgrids (Tayab et al., 2017), or PID control for the fast stabilization (Zhang et al., 2010), or the use of the swing equation (D'Arco and Suul, 2014), defined as virtual synchronous generator control (VSG) (D'Arco et al., 2015; Zhong, 2016). VSG control has the advantage of using control parameters which have a direct analogy with SG characteristics such as inertia, damping, automatic voltage regulation (AVR), and turbine governor (TG). Chen et al. (2019) showed that a VSG with correspondingly identical settings to the SG can have exactly the same response as the SG in terms of system support and power generation.
However, if VSG controlled grid-forming converters are to replace the SG then they should also be coordinated with the protection system. Although the design and analysis of the VSG topology (D'Arco et al., 2015; Zhong, 2016), its functionality (Alipoor et al., 2015; Liu et al., 2015) and stability (Chen and O'Donnell, 2019b) have been well investigated, very little previous work has addressed the grid-forming converter interaction with the existing protection systems during a fault event. Unlike the SG, which can tolerate overcurrent for a certain time, the converter has a rigid constraint on the current to avoid overcurrent damage. The grid-feeding converter, due to its direct current/power control, can limit its current by use of the simple inclusion of a saturation or limiting block on its current Xiong et al. (2015) and Liu et al., 2022. In contrast, directly imposing a current limit in the grid-forming converter can lead to synchronization instability. This is because the grid-forming converter under power synchronization, controls the voltage directly and if the converter moves to constant current control under fault conditions it can lead to the accumulation of error in the power control and hence result in the synchronization instability (Chen et al., 2020b). To address this problem, voltage limitation methods (Shi et al., 2018; Chen et al., 2020b) for the grid-forming converter have been proposed in order to limit the current while maintaining the stability. Grid codes generally require that the CIG should remain connected, i.e., have fault ride through capability for various voltage reductions and durations (Luo et al., 2018). Some codes, e.g., Germany, requires maximum reactive power compensation from the CIG during the fault to aid voltage stability. This action also provides fault current during the fault and affects the action of the relay. It has been shown that the current limitation of the grid-feeding converter, in some cases (depending on the fault type, location, and converter loading), suppresses the fault current and adversely leads to the maloperation of the relay (Chavez, 2018). In addition, the lack of negative sequence current due to the converter control during asymmetrical faults has been observed as a problem for the protection system (Martínez et al., 2020). Several works have analyzed the fault impedance and designed novel protection algorithms for the case of high penetrations of grid-feeding converters (Pradhan and Joós, 2007; Hooshyar et al., 2014; Dubey et al., 2020; Liu et al., 2022). However, there have been no reports of work investigating the effects of the grid-forming converters on protection systems. Since the grid-forming converter presents low series output impedance, in contrast to the grid-feeding converter which presents high parallel output impedance (Rocabert, 2012), this difference has consequences for the fault impedance thus resulting in a different response from the protection system. In many respects (inertia, damping, voltage forming) the grid-forming converter operates in the system in a manner similar to the SG. However, the question remains as to how similar its performance is in terms of interaction with the protection system and hence what changes if any need to be implemented in existing protection systems. This paper addresses this question using hardware in the loop testing of conventional protection relays under different levels of CIG penetration. It aims to quantify the performance of existing distance relay protection systems in response to different CIG penetration (from 0% to 100%), different fault locations (0% distance of the line to 100%) and different fault types (line to line, line to ground and symmetric fault). The work is based on experiments performed using a real time simulation with hardware in the loop platform (RTDS platform).
The paper is structured as follows: Section 2 briefly reviews the control of the grid-feeding and grid-forming converters regarding fault-ride-through, and analyses their interaction with the relay. Section 3 introduces the hardware in-the-loop setup for the test of the protection system in response to the CIG. Section 4 compares the grid-forming CIG with SG in the absence of current limitations, from the hardware test result, while Section 5 compares the grid-forming CIG with grid-feeding CIG considering the current limitation. Section 6 draws conclusions for the paper.
2 CONVERTER INTERFACED GENERATOR
CIG can be controlled as either grid-feeding or grid-forming. Correspondingly, the control of the grid-feeding and grid-forming CIG is different, and they present different output impedance to the system. This fact influences the protection systems in place today. Therefore, before testing the performance of the protection system, this section reviews the control scheme of the grid-feeding and grid-forming CIG and analyzes their coordination with protection system during faults.
2.1 Grid feeding converter
Grid-feeding converters apply outer power, inner current control behaving like current sources, and presenting high parallel output impedance as illustrated in Figure 1. The power control loop is an algebraic equation used to compute the current reference, while the current control loop is critical to the dynamics and typically applies a PI or PR controller to regulate the output current to track its reference. Thus, this type of converter directly controls the power/current flow from the CIG injected to the grid, and its output voltage at the PCC point is only indirectly controlled in order to impose the required power/current. The synchronization of the grid-feeding converter is achieved by the PLL. When the phase is successfully locked, the active and reactive powers of the converter are fully decoupled and can be precisely controlled. Using this advantage, separate active and reactive power regulation can be used to support the frequency and voltage respectively, e.g. frequency to active power droop (1) and voltage to reactive power droop (2).
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where [image: image] are the initial real and reactive power generation, [image: image] are the reference real and reactive powers, [image: image] are the nominal frequency and voltage, [image: image] are the PCC frequency and voltage measured by the PLL, and [image: image] are the active and reactive power droop gains respectively.
[image: Figure 1]FIGURE 1 | Grid-feeding converter.
The converter has a strict current limitation. Since the grid-feeding converter controls the current directly, the current limit can be implemented as a saturation block on the current reference as presented in Figure 1.
The value of the current limit depends on the grid code requirements. For example, the German Grid Code requires the maximum reactive power during the fault, so that when the PCC voltage is less than .5 pu, then the value of the current limit can be set as (3).
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where [image: image] are the current limits for the reference currents in the synchronous dq-frame, and [image: image] is the value of the converter current limit.
2.2 Grid-forming converter
Grid-forming converters apply outer voltage, inner current control behaving like voltage sources, and presenting a low series output impedance as illustrated in Figure 2. Both the voltage and current control loops typically apply PI or PR controllers to regulate the output voltage to track its reference. Thus, this type of converter directly controls the output voltage and its power/current is the consequence of the difference between the controlled voltage and the grid voltage. The reference to the grid-forming converter is the voltage. The voltage phase is related to the synchronization of the converter and is locked by power synchronization control. Although as mentioned earlier, different power to phase angle controllers are possible, VSG control emulates the dynamics of an SG so that its control parameters have a direct analogy with the inertia and damping of the SG, thus it has become a popular method for implementing grid-forming controls. The control algorithms for the VSG approach are given in (4).
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where (4) is a representation of the electro-mechanical dynamics of the SG, i.e., the swing equation, where [image: image] is damping; [image: image] is virtual inertia; [image: image] is the converter output power; [image: image] is the converter frequency; [image: image] is the controlled phase of the voltage; [image: image] is the frequency to active power droop control which can be set equal to [image: image] in 1). Note, there are other types of the grid-forming control, e.g. power synchronization control and droop control. However, VSG control is the most popular due to its virtual inertia function and also the work focuses on the timescale of the fault, in which the active power control loop has not been fully activated. Therefore, here we use the VSG control as an example to test the interaction with the protection system. The setting of the voltage amplitude reference is used to support the voltage, and is commonly regulated by the AVR (5) as used in SG.
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where [image: image] is the reference voltage amplitude to the grid-forming converter, [image: image] is the AVR gain.
[image: Figure 2]FIGURE 2 | Grid-forming converter.
Since the grid-forming converter controls the voltage but not the current directly, it needs a special method for current limitation. One method is to increase the damping (Wei et al., 2017) of the grid-forming converter during the fault in order to slow down the movement of the phase to avoid the phase instability when the power in (4) is unbalanced. This works in the case of a fast fault clearance and low loading with initially small phase. However, if the fault cannot be cleared in time or the initial phase is large enough, the phase can exceed 90° and the converter becomes unstable. An alternative approach is to use the voltage limit to constrain the phase and amplitude of the output voltage (Shi et al., 2018; Chen et al., 2019), corresponding to active and reactive power regulation respectively, during the fault in order to suppress the current within the limit. The grid-forming converter voltage and power at its terminal is:
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Substituting (3) into (6) and (7), then the active power reference in (4) should set to be zero and the voltage amplitude should be set to as (6) in order to maximize the reactive power compensation.
[image: image]
where [image: image] is the converter filter inductance/susceptance. Note, using the voltage limitation, the grid-forming converter during the fault is still voltage source, so that it causes an excessive fault current at the instant of the fault and then the voltage limitation activates to suppress the overcurrent in 1-2 cycles. These short-time spikes can be tolerated by the converter according to SMA Solar Technology, thus, it would not damage the converter.
2.3 Comparison in respect to relay operation
Assuming the outer L-filter impedance is purely inductive, then the output power from the converter to the PCC can be represented as (9) and (10).
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If the current limitation of the grid-forming converter is neglected, then during the fault corresponding to either a [image: image] reduction and/or [image: image] increase, the converter output power (9) reduces. In the case of the grid-forming converter, this causes its virtual speed to accelerate, resulting in a phase angle [image: image] increase as the power in (4) becomes unbalanced. Meanwhile, since the PCC voltage reduces while the converter voltage E remains fixed, the output current, and mainly the reactive component would surge. This action is similar to the action of the SG when confronted with a fault. Therefore, the grid-forming converter without a current limit should provide a current response similar to SG for the protection relays, although their output magnitude can be different.
The inclusion of the voltage limit (8) in the grid-forming converter limits the current to [image: image], which, assuming similar converter ratings, is the same current limit value (3) as in the grid-feeding converter. Note also that if the phase is set to be 0 and dividing by [image: image] in (10), and then substituting (3) into the result, gives (8), which shows that the grid-forming and grid-feeding converter in current limit under a symmetric fault have the same output impedance.
The controlled current limited state, i.e., (8) for the grid-forming converter and (3) for grid-feeding converter, presents a similar final fixed operating point during the fault, however, the way in which they approach this operating point is totally different for the two converter types. For example, for the operation of the grid-forming converter as described in previous paragraph, at the instant of the fault, the converter output voltage does not change resulting in an increased fault current. The current measurement detects this fault current, and after the measurement delay, this overcurrent activates the voltage limitation control which changes the voltage reference (8). After a time, which depends on the speed of the voltage controller (typically >10 ms), the current is suppressed. Although at this time the current is limited, the stability of the grid-forming converter depends on the time constants of the power synchronization control, which could be on the order of seconds if using VSG control. For the grid feeding converter, which is under direct current control, at instant of the fault, the output current may increase for a time until the current controller reacts to maintain the current reference. In the time frame of the current control reaction (<1 ms), the grid-feeding converter can be stabilized. In summary, during faults, the grid-forming converter initially supplies a fault current and subsequently moves to work in current limitation, while the grid-feeding converter shows very little fault current due to its fast response on current limitation. The fault current in the grid-forming converter can help trip the protection system. It should be noted that this fault current in the grid-forming converter lasts only for the first one or two cycles, which is acceptable for the converters (Katiraei et al., 2012; SMA Solar Technology, 2012).
On the other hand, during an asymmetric fault or unbalanced PCC voltage situation, [image: image] is set to be the minimum value of the three phase PCC voltages, and the value of the [image: image] is lower than in the symmetric situation, thus, the real output current under the control from (8) is less than that under the direct assigned maximum current in (3). This harder current suppression would lead to a significant delay on the relay tripping time. The positive aspect is that the grid-forming converter is controlled to output a balanced voltage, which enables a negative sequence current to circulate in the loop and help trip the relay. In contrast the grid-feeding converter is controlled to output a balanced current, which lacks a negative sequence current loop and consequently worsens the response of the relay.
From the preceding discussion it might be expected that the grid-forming converter should have a better performance than the grid-feeding converter in terms of coordination with the protection system in response to both symmetric and asymmetric faults.
3 HARDWARE IN THE LOOP TESTING
In order to test the relay performance in the presence of different types of the CIG at different penetration levels, a simulation of a test system with an EMT model of the CIG devices is built in RSCAD and interfaced to actual relays through a hardware in loop setup using an RTDS platform. Figure 3 (top) depicts the test system, where a slack generator is connected to the common bus of the wind generator and synchronous generator via a transmission line. The protection device is installed on the CIG side of the transmission line, shown as Z in Figure 3, and utilizes a distance protection function which is one of the most commonly used protection functions in transmission networks (Mason et al., 2009; ENTSO-E, 2018; ENTSO-E, 2019). Two transmission lines lengths of 10 km and 200 km are used for the testing. The analog signals representing the test system currents and voltages at the end of the protected line are sent out from the RTDS via an analog output card (GTAO) and then amplified from ± 10 V to ± 100 V/1 A by the power amplifier which feeds the actual relays. Binary signals, trip (per phase) from the relays are sent back to the RTDS via a digital card (GTDI). The total generation of the grid is 200 MW shared by the SG and CIG. It is assumed that the CIG works on a constant wind with constant power output. The CIG parameters used in the test system are given in Table 1.
[image: Figure 3]FIGURE 3 | Hardware in-the-loop set-up.
TABLE 1 | Testing system settings.
[image: Table 1]The behaviors of the tested CIGs in the open-loop, including unlimited grid-forming converter, limited grid-forming converter and limited grid-feeding converter, are shown in Figure 4, where the relay and SG is disconnected, and the tested CIG connects to the mashed grid directly. The CIG experiences the reference power change from 0 to 100 MW at 05 s, and then a symmetric three-phase to ground fault at 3 s.
[image: Figure 4]FIGURE 4 | Open-loop Comparative Results. (A) Active power; (B) Reactive power; (C) Current in amplitude.
It can be seen from Figure 4A that after the reference power changes to 100 MW, the grid-feeding converter step changes to the same value, while the grid-forming converter presents the damping effect due to the VSG control strategy. On the other hand, due to the decoupled power control in grid-feeding converter, the reactive power remains at 0 MVar, but the grid-forming converter has a certain reactive power output around −3 MVar as shown in the zoom-in graph of Figure 4B. At the instant of the fault, 3 s, if without the limit, the grid-forming converter output power step down, resulting the converter acceleration and phase increase. The controlled voltage E increases as commended by (5), leading to a booming reactive power and current as indicated in (8). Although the converter may be damaged due to the overcurrent, the boosted reactive power supports the voltage stability and the overcurrent excites the relay reaction.
The inclusion of the limitation effectively limits the current in 3 cycle, .06 s for both grid-forming and grid-feeding converter as shown in Figure 4C. According to the German grid code, the reactive power is maximized, and the active power is minimized. Although the grid-forming converter applies (6) and grid-feeding converter applies (3) in the purpose of the current limitation, since the converter parameter, [image: image], and tested system is identical; [image: image], the output power (7) (8) is identical as proved in Figure 4. Thus, the relay should have the same performance in respect to the limited grid-forming and limited grid-feeding converter.
The conducted tests are a closed-loop, where the relay measures the signals coming from real-time simulation and the tripping of the relay is looped back to the simulator. The simulator records the time between fault inception and protection trip (tripping time) under different conditions. The variables used for the simulations are listed as follows.
1) Two different transmission lines: For the purpose of a high and a low short-circuit ration conditions (SCR), a10 km line for high SCR and a 200 km line for a low SCR, for which the positive-, and zero-sequence impedance are given in Table 2.
2) Three different types of CIG: grid-feeding converter with current limit, grid-forming converter without limit and grid-forming converter with voltage limit. The grid-forming converter uses VSG control with a large damping for the fault ride through.
3) Five different CIG penetration levels: 0%, 25%, 50%, 75%, 100%. In 0% CIG penetration, the CIG is disconnected, while in 100% CIG penetration, the SG is disconnected.
4) Five different fault locations: 0%, 25%, 50%, 75%, 100% of the line length between the fault and the protection
5) Three type of faults: line to line fault (LL), single line to ground (LG), three-phase to ground (LLLG).
TABLE 2 | Tested transmission line impedance.
[image: Table 2]Tests are repeated 5 times per condition to check the consistency of the results. If there is a ridiculous result attributing to the experimental bugs, the corresponding condition would be re-tested. A total of 2,250 simulations were performed. In order to clearly illustrate the effect of the control (type) of the CIG in different penetration levels, the paper only presents a representative selection of the results in order to illustrate the following aspects.
1) A comparison of the grid-forming converter without current limit to the SG. Since in the absence of a current limit, the grid-forming converter operates in the same manner as the SG. It would be expected that the relay would show the same performance in the system for both grid-forming converters and SG.
2) A comparison of the grid-forming converter with voltage limit to the grid-feeding converter with current limit. In practical applications, the converter current should be limited to avoid the overcurrent damage. Although the grid-forming applies the voltage limit, it fundamentally aims to limit the current. In this case, the relay may have a similar performance to grid-feeding if their saturated current is identical.
The comparison of the two aspects above is done based on the test results from the relay while changing the transmission line length as indicated in Table 3, the CIG penetration as shown in Figures 5–7, and the fault location as shown in Table 4 and fault type. The tripping time of the missed trip is set to be 1,000 ms. The qualified tripping time should be less than 250 ms for a fault located at a distance of 100% of the line (considered to be in zone 2) and less than 60 ms in other locations (considered to be in zone 1). Tripping times in excess of this are taken as a delayed relay operation.
TABLE 3 | Percentage of missed and delayed trips per type of fault per device, zone 1 result in brackets, zone1+zone2 result besides.
[image: Table 3][image: Figure 5]FIGURE 5 | Protection tripping times using Unlimited grid-forming converter with respect to CIG penetration increase. (A) Tripping time on 10 km transmission line; (B) Tripping time on 200 km transmission line.
[image: Figure 6]FIGURE 6 | Protection tripping times using limited grid-forming converter with respect to CIG penetration increase. (A) Tripping time on 10 km transmission line; (B) Tripping time on 200 km transmission line.
[image: Figure 7]FIGURE 7 | Protection tripping times using limited grid-feeding converter with respect to CIG penetration increase. (A) Tripping time on 10 km transmission line; (B) Tripping time on 200 km transmission line.
TABLE 4 | Average tripping time for different fault distances for different faults and devices (Unit: ms).
[image: Table 4]4 GRID FORMING CONVERTER VS. SG
As analyzed in Section 2.3, the grid-forming converter without a current limit would be expected to have the same response to the fault as the SG. The main difference between both is their output impedance. This section compares the grid-forming converter with the SG in terms of the interaction with the protection system.
Table 3 shows the relay performance under the full supply from a single device, i.e. 100% penetration of the type of generating device in question. Performance is reported in terms of the percentage of missed or delayed trips in response to different types of fault at all line locations (in zone 1 and zone 2). The percentages shown in brackets give the percentages of missed or delayed trips for faults in zone 1 only, i.e., excluding those faults at 100% line length which fall in zone 2. It can be seen that there are no missed trips of the distance protection relays when the system is fed solely from the SG and or solely from the unlimited grid-forming converter in either the case of the 10 km and 200 km transmission lines. For the faults at the end of the transmission line, in both cases the relay has a delayed trip. This is as expected from the relay operation as faults at the end of the line (100% of the line in Table 4) appear in the second zone of protection and have an inherent delay of 250 ms to provide selectivity with respect to other protection, i.e., in practice, there would be another relay at the other end of line which should trip first. If we look at the relay trip time (not considering the 250 ms delay due to faults at 100% of the line length) the relay response with the SG and grid-forming converter are nearly identical. There is only one delayed trip with the grid-forming converter during the LL fault for the 200 km line.
Figure 5 shows the measured tripping times for the gradual replacement of the SG by the unlimited grid-forming converter, where 0% represents the system fed solely from an SG and 100% represents the system solely fed from CIG. The average tripping time is computed under the assumption that the fault at all locations are treated equally and does not include faults located at 100% of the line distance. It can be seen that as penetration levels of unlimited grid-forming converter generation increases the tripping time barely changes, varying between 27 and 36 ms under different conditions. The type of the fault and length of the transmission line have no influence on the tripping time with regards to the CIG penetration. This verifies that the unlimited grid-forming converter as expected has the same interaction with the distance protection relay as the SG.
5 GRID FORMING CONVERTER VS. GRID-FEEDING CONVERTER
In practice, the converter must use a current limit to avoid the overcurrent damage. As a result the grid forming converter acts like a current source, when in current limited operation during a fault. With the same current limits, both the grid-forming and grid-feeding converters will limit the current at the same value, however their transient operation in transition to current limit mode is different as analyzed in Section 2.3. It might be expected that the voltage source would have better coordination with the relay than the current source. This section presents the effect of the current limitation on the relay tripping times and compares the situation for the grid-forming converter and the grid-feeding converter.
5.1 Effect of the limitation on the grid-forming converter
It can be seen from Table 3 that the inclusion of the limitation on the grid-forming converter, as expected, has a negative impact on the relay in response to the LL fault, due to a hard current suppression. The probability of the missed trip for a LL fault increases from 0% to 5% in a 10 km transmission line and from 5% to 45% in a 200 km transmission line, after the inclusion of the limitation. The average tripping time for a LL fault in each location exceeds 60 ms, around 110 ms, for a fault locating over 25% of the 200 km transmission line as shown in Table 4. The relay interacts with the limited grid-forming converter on the 200 km line and has worse performance than that on the 10 km line. This is because the line impedance is increased for the longer line which leads to a larger voltage drop on the line, resulting in a lower PCC voltage in (8) and a harder suppression on the current.
The inclusion of the limitation on the grid-forming converter has no influence on the relay trip times in response to an LLLG fault, which displays a tripping time in the range of 25–46 ms as shown in Table 4. This is because the fault current in the first two cycles can reliably activate the relay, which will be verified in Section 5.3.
In response to an LG fault, the relay works properly whether the converter includes the limit or not. This is because in this case the converter current does not saturate so that the grid-forming converter works in the same manner as the SG. During the LG fault, the power in one phase reduces but it remains the same in the other two phases. However, because of the immediate output power reduction and consequent loss of power balance in the controlling swing equation, the converter virtual speed slowly increases. This results in a slow increase in output current which helps to trip the relay before the converter current saturates. It should also be noted that a major influencer in LG faults is the grounded neutral points of the transformers. Both of the transformer neutrals, that connect the generating units to the grid, are grounded and hence in the case of the LG fault provide a path for zero-sequence current.
5.2 Comparison with limited grid-feeding converter
Although the limited grid-forming converter delays the relay trip for an LL fault, the limited grid-feeding converter gives rise to the probability of a missed trip as shown in Table 3. This is due the lack of negative-sequence current in the grid-feeding converter due to the use of direct balanced current control.
On the other hand, for a LLLG fault, the tripping time of the limited grid-feeding converter is increasing with distance to the fault location, while the tripping times for the limited grid-forming converter are relatively independent of fault location as shown in Table 4. This is due to the soft current suppression in the grid-feeding converter while the grid-forming converter has an inevitable transient fault current, which is shown later in Figure 8. Consequently, the grid-feeding converter causes delayed tripping with 20% probability in a 200 km transmission line.
[image: Figure 8]FIGURE 8 | Relay measurements and signals during LLG fault at 100% of 200 km line. (A) shows relay measurements and signals with a limited VSG and (B) shows relay measurements and signal with a limited grid-feeding converter.
Figures 6, 7 presents the relay average tripping times versus the CIG penetration increase for the limited grid-forming and grid-feeding converter cases respectively. It can be seen that the increase of the CIG penetration has no and only limited influence on the LG and LLLG fault tripping time respectively but increases the tripping time for the LL fault for both converters. Especially, under 100% CIG penetration, the grid-feeding converter shows a significant tripping time increase, due to its balanced current control resulting in the lack of negative-sequence current in the system after the disconnection of the SG. While the grid-forming converter does not have this problem for its balance voltage control with acceptance of any sequence current.
Taking into account the standard maximum protection pickup time of 60 ms, the limited grid-forming converter can be used in a shorter transmission line with no changes on protection system achieving very high even 100% CIG penetration, while the grid-feeding converter is not comparable.
5.3 Measurements and signals of the relay
In order to see the relay action with respect to the grid-forming and grid-feeding converter, Figure 8 shows a comparison of the measurements and signals of the protection devices in both cases. The case shown is for a 200 km long transmission line with a fault at the end of the line. The signals and measurements with limited grid-forming converters are presented in Figure 8A and for a grid-feeding converter in Figure 8B. First part of the diagram shows relay current and voltage measurements, from which it can be observed that for the limited grid-forming control algorithm there exists a transient in the fault current but for the grid feeding converter there is no transient, which corresponds with the explanation provided in Section 2.3. In addition, it is seen that the fault current contribution from both of the converter types is almost the same at about 1.1 pu, which accords with the current limit set for both types of converters.
Distance protection operation and pickup signals are displayed on the lower part of Figure 8. When observing the response to the limited grid-forming converter (Figure 8A), it is seen that after the initial transient the fault is picked up correctly by the protection in all three phases and in the forward direction. The fault remains picked up by the protection for the entire duration of the fault and after the zone timer of 250 ms a trip signal is generated from zone 2. The total tripping time for this particular case including the relay pick up time is 280 ms.
When looking at the protection response in the case of a grid feeding converter in Figure 8 (B it can be observed that, similarly to the limited grid-forming converter, the initial pickup of the relay is delayed by about 30 ms. In this case, however, as seen from relay digital signals, the protection stops detecting the fault in the forward direction and due to this the relay pickup drops out at 240 ms after the first pickup by the relay. This means that the zone timer of 250 ms will not expire and the protection does not operate. It should be noted that during the fault the relay intermittently keeps picking up and dropping out although the current and voltage waveforms during the fault are uniform.
Figure 9 displays the impedance measurements by the relay during the fault condition. The blue line on the figure shows the impedance locus measurement and the red polygon shows the distance protection zone 2 characteristic.
[image: Figure 9]FIGURE 9 | Relay impedance measurements during the fault. Blue line shows the impedance locus measurement and red polygon represents the distance protection zone 2 characteristic. (A) shows relay measurement with a limited grid-forming converter and (B) shows relay measurement with a grid feeding converter.
From both Figures 9A, B it is seen that during the fault the impedance measured falls into the distance protection zone and remains in the zone. The blue line shows the impedance locus measurement and the red polygon represents the distance protection zone 2 characteristic. In Figure 9A the impedance measurement for the case of limited grid-forming converter is shown. From there, it is observed that the impedance at the first 2 cycles of the fault is quite scattered and some measurements points are not in the zone. This is because of the transient at the beginning of the fault and is the reason why the protection operation is a little delayed. After the initial period the fault impedance settles inside the protection characteristic.
For the grid-feeding converter the impedance measured, shown on Figure 9B, falls into the distance protection characteristic immediately after the fault occurrence and forms a circular pattern inside the protection zone. Despite this the protection does not operate because of the directional element of the relay drops out after 240 ms after fault inception.
6 CONCLUSION
The paper presented the operation of protection relays in response to different fault under different levels of CIG penetration for both grid-feeding and grid forming CIG. Results are obtained from the hardware in-the-loop experiments using commercial distance protection relays. The following conclusions can be drawn.
1) Unlimited grid forming and SG give almost identical responses for protection relays for all types of fault. This is because of their voltage source characteristics, which naturally raises the short-circuit current.
2) When current limits are imposed, LL faults prove to be the most difficult for the protection system. There is an increased probability of delayed trips for limited grid forming and significantly increased tripping times, especially on the longer lines, but it does not cause any miss-tripping.
3) The limited grid feeding gives less reliable protection performance under LL faults with a significant increase in probability of missed trips due to its negative-sequence control loop and under LLLG faults with an increase in probability of delayed trips.
In conclusion from the perspective of protection system the usage of grid-forming converter is a better solution in the case of a high CIG penetration in the power system. The future work will compare different fault ride through strategies of the grid-forming converter with respect to the interaction with the protection system.
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